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THE  DESIGN  OF  SEMICONDUCTOR-DIODE  DETECTOR  CIRCUITS 

by 

G.,  R.  Curry 

M.  AxelbanI; 

ABSTRACT 

A  theoretical  and  expcrir.'iental  investigation  hat.  been  made  cf 
the  design  of  detector  circuits  using  semiconductor  diodes.  The  de  - 
tector  circuits  are  intended  for  use  with  transistor  cucuits  having 
impedanc  levels  of  a  few  thousand  ohms  ami  current  levels  of  a  few 
millianipcres  at  frequencies  up  to  100  Meps.  High-impedanc  e  deto<  tors 
useful  for  measiiring  the  level  of  a  CW  signal,  and  pulse  deter  tors  having 
rise-times  of  the  order  ol  0.  1  pser  are  couMdered. 

A  8urve>  of  the  literature  on  deter  lor -c  irt  uit  d«-»igti  and  semi¬ 
conductor -diode  theory  is  given.  Hr'  ause  of  the  lomplex  natun-  of  the 
semiconductor -diode  .  deter  tor -cirt  uit  analyses  usnig  simple  diode 
equivalent  rirruits  do  not  yield  accurate  results  at  high  signal  fre- 
quenciec  .  On  the  oth*‘r  hand,  the  results  of  theoretual  diode  studies 
are  too  complex  to  he  used  for  prai  tnal  deter  tor -r  in  ui!  de.-.ij.'n 

'v  *' •’♦•rtor -design  pror  **rfure  .  haseef  on  semu  oiu'u.  tor  ilu  orv 
IS  niesented  that  permit:,  thr  raliui.ition  of  deti"  lor -r  irr  uit  pvrformatu  e 
on  thr  bas-j  of  measurem«-nts  ol  'he  parameters  of  the  diorfe  to  he 
used.  The  effects  of  frerpienry.  diode  p.rramelers  tu'lei  !or  load  and 
rlriving  rirruits,  temperature,  and  output  voupling  an'  (ou.sidered. 
Me.isurenifiits  an-  rr-ported  that  sliow  good  .ig reenit-nt  'vuh  r.tKulated 
deter  tor -1  1  r<  uit  pertoriiiaix  e  over  nvo'ler.rte  range.s  of  tlie  parametr'rs 
for  high  -  imped, I  lU  e  .ind  pulsr-  rir-tettors  UMiig  g«  rm.uiium  .t:ui  siliron 
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The  application  of  the  design  theory  to  the  prarfica!  design  oi 
detector  circuits  is  given  in  Section  V.  Sample  designs  of  bo*h  high- 
impedance  and  pulse  detectors  are  carried  out.  and  measurements  on 
sample  detectors  are  reported.  Measurements  for  evaluating  the  per¬ 
formance  of  several  diode  types  in  high-impetlanc  e  .end  pulse  Hetector 
1  ir<  uits  are  pr*  sented 
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I.  Introduction 


1 Scope  of  the  Study 

The  design  of  semiconductor -diode  detectors  intended  for  use 
with  low-level  transistor  circuits  in  th<*  10-100  Mcps  frequency  range 
is  investigated.  The  detectors  operate  with  input  currents  of  a  few 
milliampcres  and  at  impedance  levels  of  a  fev/  thousand  ohms.  Varia¬ 
tions  in  detector -cimiit  performance  with  temperature  are  considered 
at  ambi'*nt  temperatures  from  10**  C  to  50“  C. 

A  procedure,  baaed  on  arinicunductor -diode  theory,,  is  given 
for  the  design  of  the  detector  circuits.  The  design  procedure  makes 
possible  the  approximate  calculation  of  the  performance  of  a  detector 
circuit  after  a  few  basic  measurements  have  been  made  on  the  diode. 
Two  types  of  detectors  are  studied: 

1.  High-impedance  detector  This  detector  produces  small  circuit 

loading  for  CW  signals  and  has  near- 
ideal  c-ffuieiuy  Because  of  it.s  slow 
pulse  response  and  the-  he, icy  loading 
th.ct  it  presents  tn  pulsed  signals  n 
can  l)i'  used  i.nly  with  CW  sign.cls. 

2.  Pulse  detector  Tins  detector  is  clesigned  tor  .t  spec  ilu 

rise -lime  Detectors  ‘cifh  rise -times 
,«s  sluiil  >»s  (t.  1  microsecond  h.cce  been 
built  .end  tested  TIu  detector  input 
imped. HU  I  IS  ui  thf  ordi'r  ot  .»  tew 
tbous. 111(1  iilmiS  Pltli  lelu  \  IS  less 
tli.c.  tol  tl'e  l.lgii  - 1  mped.l  lu  e  detector 
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2.  Basic  Circuit  and  Definitions 


Since  the  operation  of  a  detector  is  affected  by  its  signal  source, 
and  a  detector  driving  circuit  is  loaded  by  the  detector,  it  is  necessary 
to  design  the  detector  and  its  driving  circuit  together.  Figure  i  is  a 
diagram  of  the  basic  circuit.  The  input  signal  from  a  transistor  ampli¬ 
fier  is  assumed  to  bu  a  sinusoidal  current  of  angular  frequency  w  and 
peak  amplitude  1.^  .  The  output  resistance  of  the  source  transistor  is 
included  in  the  circuit  load  resistance  .  The  resonant  circuit, 

,  is  tuned  (with  the  detector  connected)  to  resonate  at  angular 
frequency  u  .  Due  to  the  non-linear  characteristic  of  the  diode,  the 
diode  current  i  is  greater  in  the  positive  direction  than  in  the  negative 
direction,  causing  the  voltage  developed  across  the  parallel  com¬ 
bination  of  the  load  resistor  anti  the  load  capacitor  Cj^  to  have 
a  positive  DC  component  .  This  voltage  has  the  effect  of  bark¬ 
biasing  the  diode,  thereby  reducing  the  current  flow  until  an  equali- 
brium  condition  is  reached.  The  current  efiiriency  is  defined  as 
the  ratio  of  the  DC  component  of  the  diode  lurrent  to  the  peak  value 
of  the  input  current  1 

in 


Siiue  the  detettor  iircuit  presents  a  non-linear  load  to  the 
sinusoidal  lurrent  source,  the  detector  <npi,i  voltage  n  will  not,  in 
general,  be  sinusoidal.  In  many  cases,  however,  the  linear  load  pre¬ 
sent'd  by  and  the  shunting  of  h.:trnionu  currents  by  cause 

the  deti'ctoi  input  voltage  to  be  ne.irly  sinusoidal  in  spite  ot  the*  non- 


linear  loading  of  the  detector  itself.  Since  circuit  analyses  are  greatly 
simplified  when  v  is  sinusoidal,  it  is  convenient  to  assume  that  this 
is  the  case..  The  departure  of  v  from  a  sinusoid  can  later  be  evaluated 
and  appropriate  corrections  can  then  be  made. 

When  the  detector  input  voltage  is  assumed  tinusoidal  with  peak 
amplitude  V,  the  detector  voltage  efficiency*  is  defined  as  the 
ratio  of  the  DC  component  of  the  detector  output  voltage  to  the 
peak  input  voltage  V  : 


The  detector  input  resistance  is  defined  as  the  ratio  of  the  peak  input 
voltage  V  to  the  peak  value  of  the  component  of  diode  » urren*  Ij 
having  the  same  frequency  and  phase  as  the  input  voltage 


The  detector  input  capacilame  is  defined  as  the  ratio  of  ihe  vorriponent 
of  the  diode  current  Ij  "  having  t  .■  same  frequent  y  as  'h»  inp  it  voMage 
and  leading  it  by  90”,  to  the  produi  t  of  the  angular  frequen.  v  and 
the  peak  input  voltage  V 

C  . 


^Current  elfit  ieni  y  and  voltage  effit  lent  y  are  not  trio  elfn  lent  les,  but 
merely  ratios  o(  output  to  input  signals 
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When  V  Is  Assumed  sinusoidal  the  current  efficiency  is  given  by 


e 

V 


R.  R. 
A  in 


3.  Procedure 

A  study  cf  the  d(  or  literature  has  been  made.  A.i  annotated 
bibliography  appears  at  the  end  of  this  report.  A  survey  oC  the  detector 
literature  showing  the  development  of  detector  •circuit  theory  and 
applicable  semiconductor 'diode  theory  is  presented  in  Section  II 
Because  of  the  complex  nature  of  the  semiconductor  diode, 
theoretical  studies  have  not  yielded  results  that  are  directly  applicable 
to  quantitative  design  of  detector  circuits  employing  semiconductor 
diodes.  However,  the  theoretical  studies  have  provided  a  basis  for  an 
approximate  design  procedure  that  is  presented  in  Section  III.  This 
design  theory  permits  the  calculation  of  the  voltage  efficiency,  input 
resistance,  and  input  capacitance  of  a  diode  detector  (assuming  a 
sinusoidal  input  voltage)  over  restricted  ranges  of  the  following  para¬ 
meters; 

I.  Diode  type. 

Z.  Load  resistance  R^. 

3.  Load  capacitance  C, 

la 

4.  Signal  frequency 

5.  Input  voltage  V 

6  Ambient  temperature . 

The  effect  on  detector  performance  of  AC  and  DC  coupling  of  the  de¬ 
tector  output  dis<  ushed  inSeition  111-  7  An  expression  for  the 


departure  of  the  detector  input  voltage  from  a  atnunnid  is  presented, 
and  a  qualitative  discussion  of  the  effect  of  ihU  departure  is  given  in 
Section  III *5. 

The  results  calculated  using  the  detector -design  procedure  are 
compared  with  measurements  for  both  high-impedance  and  pulse  de¬ 
tectors  in  Section  IV.  Measurements  are  presented  that  show  the 
effect  of  a  non -sinusoidal  detector  input  voltage  on  detector  perfurimnce. 

The  application  of  the  design  theory  to  the  practical  design  of 
detector  circuits  is  discussed  in  Section  V.  The  design  of  both  high- 
impedance  detectors  and  pulse  detectors  is  illustrated  by  examples. 
Measurements  of  the  performance  of  sample  detectors  are  reported. 
Measurements  that  compare  the  performance  of  several  diode  types 
in  both  high -impedance  and  pulse  detectors  arc  presented. 


1.  Approximate  An>ly«««  Limited  to  Low  Frequencies 

Early  detector  •circuit  theory  was  developed  fnr  vacuum  diodes 
at  comparatively  low  frequencies .  Reactive  effects  in  the  diode  are 
neglected.  The  diode  is  usually  assumed  to  present  a  consunt 
resistance  R^  to  current  in  the  forward  direction  and  to  allow  no 
current  flow  in  the  reverse  direction.,  ^  A  typical  voltage 'Current 
characteristic  for  such  a  diode  is  shown  in  Fig.  2. 

When  the  detector  load  time  constant  is  much  larger 

than  the  reciprocal  of  the  angular  signal  frequency  w  ,  the  output 
voltage  Vj^  is  almost  entirely  DC.  U  the  detector  input  volUge  is 
assumed  sinusoidal,  the  diode  current  pulse  is  a  portion  of  a  sinusoid 
as  shown  in  Fig.  2.  The  voltage  efficiency  is  then 

V. 

c  ■  *  cos  0 

v  V 


where  the  angle  0**  is  given  by  an  expression  obtained  by  integrating 
the  current  pulse***: 


tar.  Q  '  O 

« 


*Refcr  to  numbered  references  in  the  bibliography 

**The  angle  0  is  equal  to  half  the  total  angle  during  which  conduction 
takes  place . 

♦♦♦This  expression  is  derived  in  Reference  3.  p.  351,  and  in  Reference 
4.  p.  641  A  plot  of  e^  vs.,  Rj/Rj,  appears  in  Reference  3,  p.  3Si. 
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Fig.  2.  A  sinipl*  onunMd  diod*  tlotic  choractarittic. 
Diod«  volfog*  and  curtont  or*  shown  for  o  particular 
driving  voltoga  and  datactor  configuration. 
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TIm  voltage  otticloBcy  approaches  unity  for  email  values  of 
and  decreases  as  increases.  The  ii^ut  resistance  of  the 

d^ector  is  obtained  by  a  Fourier  analysis  oi  the  current*  pulse; 


^in  -  2  tan  e  •  20 

•  ly  r  smc 


(1) 


The  input  resistance  approaches  R|/2  for  a  voltage  efficiency  near 
unityi  and  increases  for  smaller  voltage  efficiency  since  less  power 
is  transferred  from  the  ii^ut  circuit  to  the  load  resistor.  The  voltage 
efficiency  and  input  resistance  are  independent  of  input  signal  level  as 
a  cmue^uence  of  the  assumption  of  constant  diode  forward  resistance . 
Since  the  load  capacitor  is  assumed  to  be  a  short  circuit  at  the  signal 
frequency,  the  diode  current  is  in  phase  with  the  iiq^t  voltage  and  the 
input  capacitance  of  the  detector  circuit  is  sero. 

When  the  detector  toad  time  constant  i*  not  large  com* 

pared  with  l/w  ,  the  detector  load  capacitor  discharges  appreciably 
between  current  pulses,  and  is  recharged  during  the  current  pulses. 

In  this  case  the  detector  output  voltage  is  not  pure  DC ,  and  the 
above  results  are  not  valid.  Marique^  has  shown  that  the  voltage 

and  wR  C  ,  but  the  dependence 

ia  la 

IS  not  given  in  closed  form.  Graphical  calculations  of  the  voltage  ef* 
ficicncy  are  given  for  several  values  of  the  parameters .  **  The 


efficiency  is  a  function  of 


*This  expression  is  derived  in  Reference  3,  p,  352*353,  and  in 
Reference  4,  p.  641.  A  plot  of  R  vs  e  appears  in  Reference  3, 

p.  352.  ^  '' 

**The  results  of  these  calculation  are  given  in  Reference  1,  p.  21.  This 
work  is  also  summarised  in  Reference  3,  pp.  364>370,  with  the  results 
of  the  calculations  presented  on  p.  369. 
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voltage  efficiency  decreaeee  when  reduced  be'ow  a  critical 

value  that  depende  on  .  As  is  increased,  the  value 

of  which  e^  begins  to  fall  is  reduced. 

No  enact  solidions  for  the  input  resistance  and  inpid  capacitance 

are  given  for  the  case  when  is  not  large .  *  Power  relationships 

give  an  estimate  of  the  inptd  resistance:  The  detector  ii^put  power 

is  e^ual  to  the  power  loss  in  the  diode  Pj^  plus  the  DC  and  AC  power 

dissipated  in  the  load  resistance,  P,  and  P,  respectively. 

“o  "1 


Thus  if  the  power  loss  in  the  diode  P^  is  si^roximstely  the  same  as 
for  the  large  load  time  constant  rase  giving  the  same  efficiency,  and  if 


the  AC  power  dissipation  in  the  load  resistance  P|^^  is  small  com¬ 
pared  with  the  input  power  P^^  ,  then  ihe  detector  input  resistance  is 
given  approximately  by  Equation  1  with 


*An  approximate  method  for  calculating  ey,  Rj^,  and  C,„  in  this  case 
is  given  by  Whalley,  et  al  in  Reference  4.  pp.  643-644.  No  estimate 
of  the  accuracy  is  given. 


When  or  the  increase  in  ie  apprecUble  compared  with  , 

the  detector  input  resistance  is  snMller  than  given  by  Equation  I .  Whe  i 
is  not  large  compared  with  l/w  ;  the  load  capacitor  Cj^  is  not 
an  elective  bypass  to  the  signal  frequency,  and  a  capacitive  component 
of  current  flows  in  the  detector  circuit,  resulting  in  a  non*sero  value 
for  . 

When  semiconductor  diodes  are  used  in  detector  circuits ,  the 
above  theory  is  extended  to  take  into  account  the  back  conduction  of 
the  diodes  by  assuming  a  constant  resistance  to  current  flow  in 
the  reverse  direction,  while  retaining  the  Assumption  of  a  constant 
forward  resistance  Rp  Using  the  same  methods  as  above,  and 

assuming  much  larger  than  l/u>  , 

Un  ©  .  ©  .  *  *^F^*^R 

- » —  — r':""Rj7K^ ‘ 


e 


V 


cos  O  , 


"T 


(i  • 


.  ,  2©  •  B>n  26  . 
^  <  lun  » 


L 


Plots  of  and  **  Junctions  of  *  '  * 

parameter  are  shown  in  Figs.  3  and  4  respectively.*  The  voltage  ef- 
ficiency  is  nearly  equal  to  that  fur  infinite  back  resistance  if 


♦These  curves  are  similar  to  Iho&i-  in  Reference  4,  p.  642,  but  show 
greater  detail  for  lov  ilues  of 
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Fig.  3.  Voltog*  •Meitney  «  a  function  of  IL/Rt  for  Mvorol 
voiuM  of 


Fig.  4.  Normoiicod  input  retiitonco  or  o  function  of 
for  scverai  voluet  (See  text.) 


1.1 


it  greater  than  five;  for  values  of  Rj^/R^  less  than  two  it  is  substantially 
lower.  The  input  resistance  is  reduced  from  the  value  for  infinite  back 
resistance  at  larger  values  of  those  tnat  affect  the  voltage 

efficiency.  Values  of  •  corresponding  with  points  to  the  right 

of  the  broken  line  in  Fig.;  4,  can  be  calculated  with  less  than  10  percent 
error  by  taking  Rj^  in  parallel  v.-ith  the  input  resistance  calculated  with 
an  infinite  back  resistance.  This  includes  most  cases  of  interest. 

>  further  attempt  to  approxinnate  more  closely  a  semiconductor* 
diode  characteristic  is  to  move  the  break  point  in  the  assumed  broken* 

ft 

linear  characteristic  from  sero  to  some  small  positive  voltage  Vg  . 
Figure  $  shows  such  an  assumed  characteristic  along  with  a  measured 
static  characteristic  of  a  semiconductor  diode.  (Note  that  different 
current  scales  are  used  fur  positive  and  negative  current.)  The  equa* 
tions  for  e^  and  ,  assuming  much  larger  than  l/w  ,  are 

as  follows. 
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Fij.  5.  Comporiwn  of  o  typicol  mooturod  diod«  iHi»ic 
choroctoriitic  with  «  brol(*n4in«  approximQtion.  (Not* 
Chong*  of  cwrr*nt  icolw.) 


No  rectifiCAtion  take*  place  for  input  voltages  less  than  Vg  .  As  V 

becomes  larger  than  •  the  voltage  efficiency  increases  wnd  the 

input  resistance  decreases,  both  approaching  the  values  previously 

given  (or  >  0  as  V  becomes  much  larger  than  Vg  . 

Because  of  the  errors  in  approximating  a  semiconductor  ^dicde 

static  characteristic  with  two  straight  lines ,  calculations  of  voltage 

efficiency  and  input  resistance  using  the  above  results  give  values  that 

ar  -  inaccur  tte  even  at  low  frequencies.  However,  the  analyses  do  aid 

in  understanding  detector  ^circuit  operation  and  often  give  useful  qualita 

2 

tive  information.  Studies  of  more  complex  detector  circuits  and  of 

41,33'iS 

the  response  of  detectors  to  modulated  signals  often  employ 

these  approximations  to  simplify  the  analyses  and  obtain  concise 
solutions . 


i.  High»Frequency  Analyses  Based  on  Equivalent  Circuits 

Reactive  effects  in  semiconductor  diodes  can  not  be  neglected  in 

the  design  of  detectors  for  the  10-100  Meps  frequency  range.  The 

capacitive  effect  of  the  barrier  in  semiconductor  diode  has  lung  been 

recognized .  ^ ^  Mure  recently,  semiconductor  theory  has  shown  how 

charge  storage  in  a  diode  can  result  in  an  additional  capacitive  current 
8  9 

acrusc  the  juiu.iun,  '  and.  at  high  forward  currents,  in  an  inductive 

2'^.  -27 

effect  in  the  semiconductor  material  around  the  junetiun.  While 

c-fforts  are  made  to  reduce  the  magnitude  of  these  effects  in  fast-; 


IS 


switching  diodes,  they  still  are  significant  in  determining  the  per¬ 
formance  of  the  detector  circuit  in  the  10-100  Mcps  frequency  range. 


A  classical  equivalent  circuit  for  a  semiconductor  diode  that 

5  7 

takes  the  barrier  capacitance  into  account  is  shown  in  Fig  6a.  The 
resistance  due  to  the  ohmic  resistivity  of  the  semiconductor  material, 
called  the  spreading  resistance,  is  represented  by  .  The  barrier 
capacitance  is  represented  by  C_  ,  and  the  resistani  e  of  the  barrier 

O 

is  represented  by  .  The  assumed  value  of  the  barrier  resistance 
Rg  vrries  with  the  voltage  across  it;  for  positive  voltages  it  lakes  on 
a  low  value,  and  for  negative  voltages  a  high  value.  Lapostnlle^ 
performed  a  transient  analysts  of  a  detector  circuit  using  this  equiva¬ 
lent  circuit  for  the  diode.  He  set  R^^  equal  to  an  assumed  diode 
forward  resistance  Rp  .  and  let  R^  take  the  value  *ero  or  R^^  -  Rp 
for  voltages  across  R^  in  the  forward  and  reverse  directions 
respectively.:  At  low  frequencies,  these  assumptions  lorrespond  to 
the  assumptions  of  constant  forward  and  back  resistances  in  the  pre-: 
ceding  analyses.  The  results  of  the  transient  analysis  induate  that 
the  effect  of  is  I,-  reduce  the  detector  voltage  effu  lenc  y  and  input 

resistance  at  high  frequency  below  those  obta.ned  when  is 

negligible.  The  input  resistance  is  afie<  ted  at  a  lower  frequency  tlian 
the  voltage  efficiency.  Experimental  verifnation  is  givcui  a*  *000  Mips 
Apparently  at  this  frequc*nc  y  the*  c*ff«u  t  of  ihargc*  storage  is  negligible 

compared  with  the  effect  of  the  barrier  capacitance  in  th<>  diode  iliat 

6  8  9 

was  used..  Other  studies  '  show  that  clvcrge  sluiage  can  not  be 
neglected  in  the-  10-100  Mcps  Irequcun  \  r.cngc‘. 
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Fig.  6.,  •qwivolvflt  cSrcuiH  for  diodot: 

o)  Clmticol  e<(jivoitnt  circuit,  b)  Eqwivolont 
circuit  proposed  by  Hoinloin. 
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A  semiconductor 'diode  equivalent  circuit  that  takes  charge 
storage  into  account  is  given  by  Heinlein**  and  is  shown  in  Fig.  6b. 

The  capacitor  represents  the  barrier  capacitance,  and  the  capaci¬ 
tive  charge -storage  effect  is  represented  by  in  conjunction  with 
the  switch  S  .  The  charge 'Storage  capacitance  is  typically  SO 
times  the  harrier  capacitance  C|^  >  but  its  value  varies  with  signal 
frequency  and  applied  voltage.  The  switch  S  is  closed  when  the 
voltage  Tq  across  the  junction  is  positive,  allowing  to  take  on 
a  positive  charge,  but  the  switch  opens  when  becomes  negative, 
preventing  Cg  from  taking  on  a  negative  charge.  The  barrier  re¬ 
sistance  is  assumed  to  take  on  a  value  of  aero  or  infinity  depending 
on  whether  the  voltage  v^  across  it  is  positive  or  negative.  The 
battery  Vg  prevents  current  flow  through  until  the  junction 
voltage  is  greater  than  .  The  combination  of  Rj  ,  and 

L|  represents  the  bulk  impedance  of  the  seniu  undue  tor  material. 

At  low  frequencies  the  bulk  impedance  is  the  resistance  R^  .  but  at 
higher  frequencies  the  impedance  increases  and  becomes  parti.\lly  in¬ 
ductive.  At  very  high  frequencies,  the  impedance  is  again  resisticc 
but  with  a  value  R^  *  R^  . 

The  physical  significance  of  the  variuuN  portiuns  of  this  equiva¬ 
lent  circuit  for  a  semiconductor  diode  is  best  i.iulerstnud  in  the  light  of 
semiconductor  theory,  a  summary  of  which  is  given  below.  Hcuilein^ 
justifies  the  equivalent  circuit  on  the  basis  of  measurements  made  on 
actual  diodes.  Because  of  the  complexity  ol  the  diode -equivalent  cir¬ 
cuit  only  a  qualitative  analysis  of  t*u  operation  of  a  deteitor  circuit  is 
given.  The  analysis  shows  a  '•eduction  ol  the  detector  -circuit  input 


IH 


r«8i»tanr?  with  increasing  frequency,  due  largely  to  the  effect  of  the 
charge -storage  capacitor  Cg  .  A  smaller  reduction  is  noted  in  voltage 
efficiency,  due  principally  to  the  effects  of  L|  in  tue  bulk  impedance 
and  the  charge -storage  capacitor  .  Experimental  data  are  given 
that  verify  qualitatively  the  results  of  the  analysis. 

3.,  Basic  p-n  Junction  Theory 

The  complex  nature  of  the  si  miconductor  diode  makes  it  difficult 

to  represent  the  diode  by  a  combination  ol  conventional  cir 'Uit  elements 

with  sufficient  accuracy  and  simplicity  to  allow  an  accurate  analysis  of 

a  detector  circuit  in  the  10-100  Meps  frequency  range.;  Another 

approach  to  the  problem  of  designing  detector  circuits  is  to  investigate 

the  physical  mechanisms  of  diode  o^ieration  and  develop  formulae  '.hat 

can  be  used  with  circuit  equations  to  calculate  quantitative  results. 

The  basic  theory  of  p-n  junction  semicondu*  tor  diodes  has  been 
B  9 

developed  by  Shockley.  ’  Diagrams  of  two  types  i;f  'i'.odes  are  shown 

in  Fig.  7,  Figure  7a  is  a  diagram  of  a  planar  p-n  junction  diode  sui  h 

89  10  22 

as  IS  analyr-ed  by  Shockley  and  others.  Figure  7b  shows  a 

j  n.  14. 16  , 

model  commonly  proposed  for  point -c ontart  and  bonded 

diodes.  The  basic  operation  of  both  types  of  diodes  is  brietly  reviewed 

in  the  following  paragraphs.* 

Impurities  are  present  in  the  n- region  such  that  at  equalibrium 
the  ( onec-iitraMon  ol  free  electrons  is  much  greater  than  the  concentra¬ 
tion  ol  holes.;  Hence  in  the  ii-region  electrons  are  called  majority  cur 

♦  This  do  cushion  follows  tliat  of  .Shoe  lilt  v  Refereiu  e  8  pp.  4‘>b-462.  and 

H.  lei  c  iic  e  ‘J  pp  i0‘»-il8 
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Fig.  7.  Mo(i«lt  for  tomicondwcter  diodoi:  a*  Flanar 
diodo.  b)  Foint  contact  or  bondod  diodo. 


rent  carriers  and  holes  are  called  minority  current  carriers .  In  the 
p-regiun  the  roles  of  the  holes  and  electrons  are  reversed.  When  a 
positive  potential  difference  is  applied  between  the  p>  and  n -regions, 
holes  ar^  injected  across  the  barrier  into  the  n-region,  increasing  the 
concentration  of  minority  carriers  in  the  n-ragion  above  the  equilibrium 
concentration.  Since  the  resistance  in  the  p-region  to  the  flow  of  holes 
is  small,  the  flow  of  hole  current  across  the  junction  is  largely  deter* 
mined  by  the  action  of  the  holes  in  the  n*region,  where  they  are  minority 
current  carriers.  Similarly,  the  flow  of  electrons  across  the  junction 
is  largely  determined  by  the  action  of  the  electrons  in  the  p-region 
The  total  diode  current  is  the  sum  of  the  hole  and  electron  currents 
crossing  the  junction.  The  magnitudes  of  the  hole  and  electron  currents 
are  not  in  general  equal,  but  depend  on  the  geometry  of  the  diode  and 
the  concentrations  of  impurities  in  the  p-  and  n-regions.  The  following 
discussion  considers  only  hole  curic-nt,  but  identical  reasoning  yields 
analogous  results  for  electron  current. 

The  hole*current  density  in  the  n-region  is  given 

r  •  q  I.  p  E  -  q  D  ^ 

P  P  P  P 


p  -  hole  denmfy  , 

E  el'ttric  field. 

D  -  hole  diliusion  lunslant, 
P 


^1 


♦Refereiie  9,  p.  308,  Eq..atiun  lit) 


|ip  =  hole  mobility  =  qD^kT  ,* 

q  =  electron  charge  , 
k  =  Boltsmann's  conatant, 

T  -  abaolute  temperature. 

The  first  term  repreaenta  the  drift  current  and  the  second  the  diffusion 
current.  The  hole  density  in  the  n>region  is  given  by  the  diffusion 
equation,** 


SI 


T 

p 


where 

p^  -  equilibrium  hole  density  in  the  n>region, 

T  =  hole  lifetime. 

P 

The  second  term  represents  the  reduction  in  hole  density  due  to  the 
flow  of  hole  current.  The  first  term  represents  a  reduition  in  hole 
density  caused  by  the  recombination  of  holes  with  free  electrons  in 
the  n  region.  The  average  distance  a  hole  travels  before  recombining 
is  called  the  hole  diffusion  length  ,  and  is  given  by*** 

L  D  T 

P  ^  P  P 

*R  eferencp  9,  p  300,  Equ>ttion  4. 

**Reference  9,  p.;  313,  Equation  13 

***R  fferenc*'  9.  p.  314,  Equation  IB 
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Shockley  solved  the  above  equations  under  the  following 
assumptions: 

1.  The  Jiinction  is  planar  (as  shown  in 
Fig.  7a).  This  reduces  the  equations 
to  a  single  dimension. 

2.  The  junction  is  narrow  compared  with 
the  diffusion  length  .  This  permits 
neglect  of  recombination  in  the  Junction 
region. 

3.  The  p-  and  n>regions  are  long  com¬ 
pared  with  the  diffusion  length  . 

This  provides  a  boundary  condition  fur 
the  diffusion  equation,* 

p  *  p^  .  for  X  >>  .  (2) 

4.  The  hole  density  i«  imu  h  lower  than  the 
equilibrium  elertrun  density .  This,  in 
conjunction  with  Assumption  2,  provides 
the  second  boundary  condition:** 

V  q'kT 

P  -  P„  «•  ,  for  X  -  0  ,, 

where  Vjj  IS  the  voltage  across  the 
junction. 

8  9 

•The  use  of  this  boundary  vjnchtion  is  implied  by  Shockley,  *  It  ts 
clearly  stated  elsewhere  ..^^  -42 

♦♦Reference  9  p.  312.  Equation  8 
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5 .  The  diode  current  ii  sufficiently  ■mall 
BO  that  the  voltage  drops  across  the 
diffusion  regions  may  be  neglected. 

With  this  assumption,  the  voltage  across 
the  junction  Vj^  is  equal  to  the  voltage 
applied  to  the  diode  v^^  .  This  assumption 
also  allows  the  neglect  of  the  drift  cur¬ 
rent  in  the  current  equation . 

6.  The  recombination  time  T  is  ton - 

P 

stant. 

The  validity  of  these  assumptions  is  discussed  in  Section  11-4. 

With  the  above  assumptions,  the  current  and  diffusion  equations 

become 


J 

Px 


p-p„ 

- 

P 


(3) 


where  is  the  hole -cur  t  cat  density  in  the  x  direition.  The 

Px 

boundary  conditions  become; 


p(0)  -  e 


Vj^q/kT 


P(*)  Pn 


Zi 


(4) 


Shockley  *  givtsa  the  solution  to  these  equations  for  a  diode  voltage 
Tq  of  a  small  AC  signal  of  angular  frequency  u  stq)erimposed  on  a 
DC  bias: 


♦  Ve^“*  . 


where  V  «  kT/q  .  The  diffusion  equation  is  solved  and  the  result 

substituted  into  the  current  equation.  The  hole ^cur rent  density  at 

the  junction  is  found  by  setting  x  0 

The  DC  hole>current  density  is  found  to  be 

Po 


qp  D  V  q/kT 
J  *  P  (e  °  .  n 

Po  ^p 


The  DC  hole  current  1-  is  obtained  by  multiplying  the  DC  hole 'Current 

“o 

density  by  the  junction  area  A  : 


qAp  D  V  q/kT 

I  -"Pi  It 

Ip  -  - f - (e  '  1)  . 

*^o  ‘-p 


A  corresponding  expression  is  obtained  (or  the  DC  elei’ron  current 

1  ,  and  the  total  DC  diode  current  L,  i* 

o 

p^  D  n  D  V  q/kT 
Iq  -  1  ♦  In  -  qA  (  -T— ^  ♦  --T~  )  ^  -  1) 

‘  p  ^n 


It  IS  convenient  to  define 


p  D  n  D 

■s 

L  I' 


{for  wide  planar  diode). 


Then 


=  *S<* 


q/kT 


1) 


(5) 


Thi*  ia  the  conventional*  exponential  expreaaion  for  the  DC  citaracteria- 
tic  of  a  aemiconductor  diode.  For  large  negative  applied  voltage  , 
the  DC  current  approaches  Ig  .  Hence  Ig  is  called  the  reverse  satura* 
tion  current. 

The  AC  hole-current  density  and  hole  current  Ip  are 
given  by 


’Pn^ 


(I  ♦jw 


p 


V^«j/kT 


Pi 


‘»^P«Pp 

“T“ 


0  ♦ 


At  a  fixed  frequency,  the  hole  current  v«rieB  exponentially  with  the 

DC  bias  voltage'  .  and  linearly  with  the  applied  AC  voltage  V  . 

The  latter  result  is  a  consequence  of  the  assumption  that  V  is  mum 

smaller  than  KT/q  ,  which  is  equivalent  to  assuming  that  the  diode 

IS  linear  over  the  range  of  V  The  frequent  y  dependence  of  the  hole 

current  is  giv>n  by  the  term  (1  ♦  iwT  .  It  is  convenient  to 

P 

define  the  effective  hole -diffusion  length  Lp  for  the  diode  being  con¬ 
sidered  to  include  this  frequency  dependence;** 


♦Reference  7,  p,  ti<l . 

**See  Refereni  e  10.  p.  llbS. 
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,  (for  wide  planer  diode). 


The  AC  hole  current  is  then 


jpiit  «  ®  V 


The  real  and  imaginary  parts  of  the  hole  current,  normalised 
by  dividi  g  by  the  low>frequency  value  of  hole  current,  are  plotted  as 
functions  of  wr^  in  Fig.  I.  The  curves  for  W^/L^  >  «  *pply  to 
the  diode  having  wide  diffusion  regions  that  has  been  considered.  The 
real  part  of  the  hole  current  (in  phase  with  the  applied  voltage)  is 
nearly  constant  with  frequency  at  angular  frequencies  well  below  2/r^, 


and  inci 


with  frequency  at  a  ratu  approaching  3  clb  per  octave  at 


angular  frequencies  well  above  The  imaginary  part  of  the  hole 

current  (leading  the  applied  voltage  by  90  degrees)  increases  with 
frequency  at  a  6  db-per>octave  rate  at  angular  frequencies  well  below 
2/r^,  and  lessens  its  rate  of  increase  to  i  db  per  octave  at  angular 
frequencies  well  above  Thus  at  angular  frequencies  well  below 

2/r^  the  diode  hole  current  is  analogous  to  the  current  through  the 
parallel  combination  of  a  fixed  resistance  and  a  fixed  capacitance.  At 
angular  frequencies  well  above  ^/''^p  Ike  resistor  and  capacitor  both 
decrease  in  value  with  increasing  frequency  at  a  rate  of  i  db  per  octave. 

The  corresponding  expression  for  the  AC  electron  current  I 


•1 


IS 
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where 


nAn  It 
*  n'^n 


V  q/kT 
e  °  V 


w 


L>ii  *  .  ”  -  •vfm  ,  (for  wide  planar  diode). 


The  AC  electron  current  behavee  in  the  tame  way  ae  the  AC  hole  cur  • 
rent,  but  •ii..e  the  conetante  in  the  expreeeione  are  different,  the 
magnitudeiof  the  two  current*  are  in  general  different.  The  frequency 
dependence  of  the  normalised  electron  current  i*  given  by  Tig.,  8  if 
the  horisontal  scale  i*  calibrated  in  unit*  of  u*  ,  which  will  in 
general  be  different  from  .  The  total  AC  diode  current  u 


V  q/kT  p  It  n  u 

Ip  ♦  «  qAe  °  (6) 


The  total  AC  diode  current  varies  with  the  applied  DC  bias  and  AC 

voltage  in  the  same  way  ee  the  hole  and  electron  currents.  The  varia* 

tion  oi  1|  with  frequency  is  the  appropriately  weighted  average  of  the 

variations  of  1  and  I  with  frequency 
Pi 

The  above  analysis  may  be  modified  to  apply  to  a  planar  diode 
having  diffusion  region*  that  are  not  lung  compared  with  the  ditiusion 
lengths  In  this  case  Assumption  3  is  not  valid,  and  the  boundary 
condition  given  in  Equation  I  is  replaced  by 


p  -  p  for  X  -  W 
n  n 


iU 


oAn  u  V  q/kT 

e  °  V 


n 


w 


where 


L.  « 


**w  (I 


,  (for  wide  planer  diode). 


The  AC  electron  current  behaves  in  the  sanne  way  as  the  AC  hole  cur¬ 
rent,  but  since  the  constants  in  the  eiqiressions  are  diffcient,  the 
magnitudes  of  the  two  currents  are  in  general  different.  The  frequency 
dependence  of  the  normalised  electron  current  is  given  by  Fig.  8  if 

the  horisontal  scale  is  calibrated  in  units  of  w  T  ,  which  will  in 

n 

general  be  different  from  wT^  .  The  total  AC  diode  current  is 


1,  •  L  -t  I-  *  qAe 

Ip, 


P, 


n"^  n 


)V.  (6) 


The  total  AC  diode  current  varies  with  the  applied  DC  bias  and  AC 

voltage  in  the  same  way  as  the  hole  and  electron  currents  The  vans 

tion  of  1,  with  frequency  is  the  appropriately  weighted  average  of  the 

variations  of  1^  and  with  frequency. 

The  above  analysis  may  be  muditied  to  apply  to  a  planar  diode 

having  diffusion  regions  that  are  not  lung  compared  with  the  diffusion 

10 

lengths.  In  this  case  Assumption  i  is  not  valid,,  and  the  boundary 
condition  given  in  equation  £  is  replaced  by 


p  -  p  for  X  -  W 
*^11  n 
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The  DC  diode  current  for  the  diode  having  narrow  diffusion  regions 
is  again  given  by  Equation  S,  but  the  value  of  the  reverse  saturation 
current  ^  is  given  by 

■s  •  rpiiJi-  Vs  * 

(for  narrow  planar  diode). 


The  AC  diode  current  I|  is  given  by  Equation  6,  but  the  effective 
Oiffusion  Ic  .gths  Lp^  and  that  determine  the  frequency  dependence 


(for  narrow  planar 

dinde). 


The  real  and  imaginary  parts  of  the  AC  diode  hnte  current  Ip  ,  nor* 
malised  by  dividing  by  the  low-frequency  value  of  Ip^  ,  are  plotted  as 
functions  of  wT^  in  Fig.  8.  Curves  are  given  for  values  of  n- region 
width  Wjj  of  Lp  and  Lp/ ^  •  along  w»th  the  curves  for  the  wide  n- 
region  case.  The  curves  show  titat.  (nr  the  same  value  of  ,  a  diode 
having  a  narrow  n-r»gion  maintains  >»•  'ow.fr"'j'«enry  behavior  tc 
higher  frequencies  titan  a  diode  liaving  a  wide  n- region.  The  change 
in  the  frequency  dependence  is  marked  only  if  the  n -region  width 
is  smaller  than  the  hole -diffusion  length  1.^  .  The  turces  '  (  F«g  8 
also  give  the  normalized  electron  current  if  the  horizontal  scale  is 


cali'orated  m  units  of  w  T 
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The  analysis  of  a  diode  having  the  hemispheric  configuration* 
shown  in  Fig..  7b  can  be  made  by  writing  the  diffusion  equation  and 
current  equation  in  spherical  coordinates  and  assuming  only  radial 
variation  of  hole  density  and  hole 'Current  density.  If  Assumptions  2, 
4,  5,  and  6  are  afqilied.  the  diffusion  equation  and  current  equation 
take  the  form, 


where  J.  is  hole 'current  density  in  the  radial  direction  For  the 
er 

diode  shown  in  Fig.  7h,  the  boundary  condit;ons  become 


=  Pr,  « 


Voq/kt 


P(r3 )  =  P„ 

It  assumed  here  that  the  diode  base  material  is  n.iype  aad  that  the 
small  volume  around  the  contact  point  is  p-iype  A  corresponding 
analysis  of  p*type  base  diodes  can  be  made  following  the  same  pro¬ 
cedures  . 

The  solution  of  these  equations  shows  tliat  the  DC  and  AC  diode 
currents  and  I|  are  again  given  by  equations  S  and  6  respectively 
In  this  case,  the  reverse  saturation  lurnnt  Ij.  is  given  by 

“See  lor  eximpl*'  Refer«-tni  s  13  and  14 

a 


l8=qA 


P  D  ( 
n  P 


i__  ♦  ±  ) 


L  unh  { -i- — ) 
P 


^  “nOn< 


-  r)]  • 


Unh  <  ^ — 1  ) 


(for  hemispheric  diode), 


and  the  effective  diffusion  lengths  L  and  are  given  by 

Pw  w 


(1  ♦jwT 

JL 


L-  rr-  -  r^ 

L  unh  -i - i  (1  ♦  jwT 

PL  I 


1 

rr-  - 

''w  tanh 


L  P 

(I  ♦  jwT 


••2 


(for  hemispheric  diode).; 

The  first  terms  in  the  above  expressions  are  equal  to  the  expressions 

for  1/L_  and  1/L  for  a  narrow  planar  diode  having  rur responding 
Pw  "w 

p*  and  n -region  widths; 


W  -  r,  -  r,  . 
n  3  2 
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Thj  real  part  of  i/L_  i»  larger  lhaii  that  for  thi  narrow  planar  diode 
Pw 

by  l/r  .  and  the  real  part  of  l/ 1.  is  smaller  by  the  name  amount 
£>  n. 

w 

The  variation  of  the  real  parts  of  the  AC  hole  and  electron  currents 
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with  frequency  is  shown  by  an  exunple  in  Fig .  9 .  The  hole  and  electron 
currents  are  normalised  by  dividing  by  their  low-frequency  values, 
and  are  plotted  as  functions  of  wT^  and  wT^  respectively.  The 
addition  of  the  constant  term  to  the  hole  current  extends  its  low-frequency 
behavior  to  higher  frequencies ,  while  the  subtraction  of  the  consunt 
term  from  the  electron  current  reduces  the  range  of  low-frequency 
behavior .  * 

The  analyses  given  above  show  how  the  diode  operation  is 
affected  by  the  changes  in  geometry: 

1.  The  DC  current  and  the  low-frequency  AC 
current  are  changed  by  a  constant  factor 

2.  The  frequency  dependence  of  the  AC  cur¬ 
rent  ts  mod'fied..  The  frequency  range 
over  which  the  diode  resistance  and  capa¬ 
citance  are  constant  is  extended  by  making 
the  diffusion  regions  narrow,  and  by  using 
the  hemispheric  geometry  (providing  the 
hole  current  predominates). 

4.  Limitations  and  Extensions  of  Basic  p-n  Jumtion  Theory 

It  IS  necessary  to  examine  the  assumptions  made  in  the  analyses 
of  diode  operation  in  2>ection  ll-l  to  determine  the  applicability  of  the 
results  to  circuit  design  problems.  AsHumpiions  I  2.  and  3  concern 
the  geometry  of  the  diode.;  When  diodes  '.laving  geometry  different 


IS 


"‘bee  Kel'rt-nce  13.  pp  hO-41 


from  that  analyaed  by  Shockley  are  considered,  an  appropriate  diode 
geometry  is  assumed  and  Assumptions  1  and  3  are  modified  accordingly. 
For  each  type  of  diode,  the  geometry  assumed  is  generally  thought  to 
be  valid,*  at  least  to  a  first  approximation.  Substantial  discrepancies 
between  theoretical  and  experimental  results  are  ciqilained  by  other 
effects.  Assumptions  4,  5,  and  6  are  found  to  be  valid  only  at  very  low 
signal' levels  ,e*  much  lower  than  those  normally  found  in  detector  cir* 
cults.  Much  work  has  been  done  to  extend  the  analysis  to  obtain  re¬ 
sults  valid  at  larger  signal  levels.. 

For  applied  DC  voltages  of  the  order  of  0. 1  volt  and  larger .  an 
appreciable  part  of  the  applied  voltage  is  developed  across  the  semi¬ 
conductor  diffusion  regions,  resulting  in  the  junction  voltage  being 
smaller  than  the  applied  voltage  v^^  .  Classical  theory***  took  this 
into  account  by  assuming  a  resistance  ,  called  the  spreading  re¬ 
sistance,  in  series  with  the  diode  Junction.  Equation  S  then  becomes 
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q/kt 
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(Vd  -  iRs)»» 
- 


-  1 


For  large  applied  voltages,  the  toal  diode  resistance  was  assumed  to 
approach  .  Semiconductor  theory  shows  that  as  the  diode  current 
increases,  more  charge  carriers  are  present  in  the  diffusion  regions 
and  the  bulk  resistivity  ol  the  sem. conductor  is  thereby  reduced *^  ’  *^ '  *^ 


♦For  example  see  Refere.ice  8,.  p  4S6;  and  Reference  14,  p  270. 

e  Refer«'nces  13..  14,.  1^.  22,;  23,.  and  24 
***See  Reference  7  p  83 
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The  diode  epreading  resistance  is  not,  then,  a  constant,  but  decreases 
with  increasing  forward  current. 

The  semiconductor  bulk  resistivity  is  reduced  only  after  the 
carriers  flow  into  the  diffusion  regions .  Therefore  at  high  frequencies 
the  diode  current  tends  to  lag  behind  the  voltage  across  the  diffusion 

2S‘Z7 

regions,  giving  rise  to  an  inductive  component  of  the  bulk  impedance. 

The  effect  of  this  inductive  reactance  is  larger  at  higher  forward  cur¬ 
rents  and  at  higher  frequencies . 

An  appreciable  voltage  across  the  diffusion  region  results  in 
a  drift  component  of  current  that  can  no  longer  be  neglected  in  com¬ 
parison  with  diffusion  current.  When  the  drift  current  term  is  retained 
it  the  current  equation,  the  resulting  diffusion  equation  is  non-linear, 
making  its  solution  extremely  difficult  *  Some  of  the  papers  ^  ^ 
discussed  below  take  into  account  the  drift  current  and.  by  making 
appropriate  simplifications,  obtain  solutions  for  the  static  diode  charac¬ 
teristic 

When  the  concentration  of  minority  earners  near  the  junction 
approaches  the  equilibrium  concentration  of  majority  carriers,  the 
solution  of  the  simplified  diffusion  equation  (Eq'iation  3l  using  the 
boundary  condition  given  by  Equation  4.  is  not  valid 
condition  exists  in  practusl  diodes  at  levels  tar  below  those  normally 
found  in  detector  circuit*.  **  Rittner^^  has  modified  the  diffusion 
equation  so  that  the  simple  boundary  condition  given  in  Equation  4  may 


•Reference  ii,  p  1163 

•‘•See  Reference  14,  p  i/Z.  and  Reference  ZZ  p  llt>4  Equations  28 
to  32  in  neferetice  22  are  applicable  to  diodes  as  well  as  transistors 
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be  applied  at  high  levels .  A  general  solution  of  the  modified  diffusion 

23  24 

equation  is  not  given.  Mieawa  ’  has  derived  a  modified  boundary 
condition  that  can  be  used  with  the  simplified  diffusion  equation  given 


in  E^iuation  3  at  high  levels.  A  general  solution  of  the  diffusion  equa* 

tion,  using  this  boundary  condition,  is  not  given. 

Hall^^  has  shown  that  the  recombination  times  T  and  T  are 

p  n 

not  constant  when;the  concentration  of  minority  carriers  approaches 
the  concentration  of  majority  carriers  .  The  recombination  times  de¬ 
crease  with  increasing  forward  current  from  their  low-level  values 
and  approach  constant  values  when  the  minority-carrier  concentrations 
become  greater  than  100  times  the  majority-carrier  concentrations. 

If  T  and  T  are  known  as  functions  of  DC  current,  then  the  small 
P  n 

signal  (V  «  kT/q)  AC  current  is  still  given  by  Equation  6.;  For 

larger  AC  signals  .  and  vary  with  time,  making  the  solution 

of  the  diffusion  equation  difficult. 

Factors  that  affect  the  diode  current  generally  affect  the  hole 

and  electron  currents  crossing  the  p-n  junction  by  different  amounts 

Thus,  the  portions  of  the  total  diode  current  carried  across  the  junction 

by  holes  and  by  electron  vary  with  signal  level  and  signal  frequency. 

.\  complete  solution  for  the  diode  current  resulting  <coni  large 

applied  AC  and  DC  voltages  is  extremelv  difficult  to  obtain  Several 

II  13  18  19 

analyses  have  yie'^ted  solutions  for  the  static  diode  characteristic 
In  each  of  these  analyses  specific  diode  parameters  were  assumed 
and  appropr.ate  simplifications  and  appi-oxiniations  were  made.  The 
characteristics  were  then  calculated  numerically  Three  typical  static 
characterisiics  obtained  in  these  analyses  are  shown  in  Fig.  10  along 
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Fig.  10.  Thr««  colculottd  »tatk  choract«riiHc»  for 
hAiitphoric  dtodos.  An  "idool"  •xponontiol  char* 
octerUrIc  Is  shftwn  for  comporiion. 


with  a  curve  representing  an  "ideal**  diode  having  an  exponential 

characteristic.  Although  the  parameters  assumed  in  the  analyses 

differ  somewhat,  the  shapes  of  the  three  curves  are  seen  to  be 

similar.  In  each  case  hemispheric  geometry,  appropriate  for  point* 

contact  or  bonded  diodes,  was  assumed.  Each  of  the  characteristics 

departs  from  exponential  at  approximately  0. 1  volt;  the  current  rising 

less  rapidly  for  larger  voltages.  Swanson gives  theoretical  justifi* 

Vj^q/2kT 

cation  for  a  region  following  an  e  characteristic  in  the  range 

Just  above  0. 1  volt.  At  high  levels  the  characteristic  becomes 
approximately  quadratic.*  Comparisons  of  the  calculated  characteristics 
with  measurements  give  good  agreement.. 

Large  AC  signals  are  treated  in  the  classical  theory**  by  neg¬ 
lecting  reactive  effects  and  assuming  that  the  diode  current -voltage 
characteristic  is  exponential: 
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Vj^q/kT 

■s'* 


1) 


For  an  applied  voltage 


V  ♦  V 


j  wt 


the  DC  and  AC  diode  current  components  are  given  by 


*Reference  16,  p.  320. 

**Reference  7,  p  15S,  and  Refei  vm,.  10, 
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-V  q/kt  » 


.  ,V, 


where  aitd  1|  are  modified  Besael  function!  of  orders  sero  and 
one  respectively  ..  Since  reactive  effects  are  important  in  the  10-100 
Mcps  fr  quency  range,  and  the  exponential  characteristic  is  not  valid 
for  voltages  greater  than  0. 1  volt,  this  treatment  is  not  particularly 
useful  for  detector -circuit  design. 

Large -signal  analyses  that  take  into  account  departures  oi  the 

diode  characteristic  from  exponential  and  diode  reactive  effects  lead 

1 2 

to  complex  equations  that  are  difficult  to  solve.  In  one  analysts  **  a 
simplified  diode  model  was  assumed  consisting  of  a  resistance  in 
series  with  a  diode  that  follows  the  small -signal  equations  at  large 
signal  levels.  Even  in  this  case  numerical  methods  were  necessary 
to  obtain  a  solution  While  the  possibility  exists  of  solving  the  com¬ 
plex  diode  equations  by  using  an  analog  or  digital  computer,  the 
necessity  of  tabulating  bolutions  for  large  ranges  of  many  variables 
rrrkes  such  a  method  of  questionable  vulue  for  circuit  design 


5.  Diode  Heverse -Bias  Charactensrics 

The  I  mitations  in  the  basic  p-n  junction  theory  discussed  ab>>ve 
apply  when  the  diode  forward  i  urrent  is  Urge.  Since  large  reverse 
currents  dc  not  occur  (short  of  reverse  breakdown!,  these  hmitat.ona 
do  not  apply  to  the  recerse  ctiarai  tt  ristic  s  ol  semiconductor  diodes. 
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However,  the  application  of  a  reveree  voltage  acroee  the  junction 
results  in  widening  of  the  barrier  region  that  modifies  the  diode 
characteristics .  The  results  of  the  preceding  analystsit  predict  that 
for  reverse ‘bias  voltages  greater  than  a  few  times  kl/q,  the  diode 
DC  current  approaches  the  value  >1^  ,  and  the  incremental  AC 
diode  current  I|  approaches  aero.  The  variation  in  the  width  of  the 
barrier  region  with  reverse  voltage  can  result  in  a  reverse  current 
that  is  larger  than  1^  .  and  in  larger  incremental  AC  current  than 
predicted  by  the  basic  p«n  junction  theory. 

Shockley*  has  shown  that  the  width  W  of  the  barrier  region 
in  an  abrupt ‘junction  planar  diode  with  reverse  bias  is  given  by: 


2wqp  n 
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where  ^  is  the  dielectric  constant  of  the  semiconductor  material 
and  v^  is  *he  contact  potential  between  the  p-  and  n^type  semiconductor 
materials,  which  is  normally  0  2  to  0  5  volt.  Nelson**  has  calculated 
the  barrier ‘region  width  in  an  abrupt ‘junction  hemispheric  diode  For 
small  reverse  biases  the  barrier  region  width  W  varies  with  reverse 
bias  in  approximately  the  same  way  as  for  the  planar  diode;  for  larger 
reverse  biases  the  barrier ‘region  width  may  be  somewhat  larger  or 
smaller  than  for  the  planar  diode,  depending  on  the  relative  concentra* 
tions  of  holes  and  electrons  in  the  diode  diffusion  regions 


♦Reference  8,  p.  450,  Equation  Z  53 
♦♦Reference  !4,  p 
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The  presence  of  layers  of  charges  on  sach  side  of  the  barrier 

region  of  a  reverse -biased  diode  results  in  a  component  of  diode 

8 

capacitance  called  the  barrier  capacitance  Cg  •  bince  the  capacitance 

resulting  from  the  diode  diffusion  current  approaches  sero  for  reverse 

bias,  the  barrier  capacitance  accounts  for  practically  the  entire  diode 

capacitance  for  reverse  bias  greater  than  0. 1  volt.  The  magnitude 

of  the  barrier  capacitance  varies  inversely  with  the  barrier 

8 

region  width  W  .  For  abrupt -Junction  planar  diodes 


A  similar  expression  gives  the  approximate  reUtionship  for  abrupt - 
Jun:tion  hemispheric  diodes  for  small  reverse  biases.* 

The  widening  of  the  Junction  region  may  result  in  an  increare 
ol  reverse  current  with  reverse-bias  voltage.  It  Imb  been  Bhuv^n  tliat, 
in  diodes  made  of  high-resistivity  material,  e.g.,  silicon,  the  genera¬ 
tion  of  current  carriers  in  the  transitiot.  region  results  in  a  component 
of  reverse  current  that  varies  with  the  barrier  width.**  In  diodes 
having  narrow  diffusion  regions,  the  widening  of  the  barrier  region 
results  in  an  appreciable  narrowing  of  the  diffusion  region.  Nelson^^' 
has  shown  that  this  narrowing  of  the  diffusion  regions  results  in  an  in¬ 
crease  in  the  reverse  diode  current  that  is  approximately  proportional 
to  the  square  root  of  the  potential  across  the  harrier  (v^  -  v  d)  In 

both  cases  the  reverse  diode  characteristic  is  approximately  given  by 

♦Referen.  e  14,  p.,  ili;  in  Reference  11,  pp.,  S(i-!)1,  Nelson  shows  that 
in  •>  typical  hemispheric  -junction  diode  the  inverse -square -root  rela¬ 
tionship  IS  in  error  by  only  /S  pen  'ill  for  a  rv  verse  bias  as  larg**  as 
10  volts 

**Relererue  ^1,  p  liii 
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where  D  is  a  coneUnt  depending  on  the  diode  parameters . 


\ 

I 


f 


m. 

1.  B*ti«  of  Detign  Procedure 

Because  of  the  complex  nature  of  the  semiconductor  diode ,  it  is 
necessary  to  resort  to  aj^roximations  in  describing  its  operation  if  the 
description  is  to  be  simple  enough  tc  be  useful  in  designing  practical 
detector  circuits.  In  the  procedure  that  is  developed  here,  measure¬ 
ments  are  made  of  a  few  diode  parameters,  and  expressions  for  the 
diode  performance  ar^  given  in  terms  of  these  parameters.  It  is  as¬ 
sumed  that  these  expressions  approximate  the  actual  diode  behavior 
over  the  range  of  operating  conditions  found  in  the  detector  circuit. 

The  express. ons  are  then  used  to  calculate  the  performance  of  detector 
circuit. 

A  procedure  is  first  developed  for  calculating  the  performance 
of  a  detector  circuit  having  a  large  load  capacitor  and  driven  by 
a  sinusoidal  input  voltai^e  V  .  An  approximate  method  is  then  given  for 
evaluating  the  changes  in  detector  performance  resulting  from  «  detector 
load  capacitance  that  is  not  large.  An  approximate  expression  is  de¬ 
rived  for  the  flattening  of  the  dete<  tor  input  voltage  waveform  when  the 
detector  is  not  driven  from  a  volts source,  and  the  effects  of  this 
flattening  on  detector  performance  are  discussed.  Expressions  for 
evaiuating  the  effects  of  smalt  changes  in  ambient  temperature  on 
detector  performance  are  given.  The  effeits  on  detector-circuit  per- 
formani.e  of  the  output  coupling  circuit  are  discussed.  Finally,  the 
theory  for  calculating  the  transient  response  of  pulse  detector  circuits 
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IS  given. 


2.  Low-FrBquency  Opeftion 

In  Section  U*4  it  wm  shown  that  the  DC  diode  current  departed 
markedly  from  the  "ideal"  characteristic 


% 


for  values  of  applied  voltafe  greater  than  0. 1  volt.  However,  values 
of  the  constants  may  bo  chosen  so  that  an  enponential  eiq^ression  gives 
a  good  approKimation  to  a  diode  static  characteristic  over  a  restricted 
range  of  levels.  Figures  II  and  12  show  the  measured  forward  and 
reverse  characteristics  respectively  of  a  typical  germanium  diode, 
along  with  approximations  to  the  characteristics.  Curve  A  on  both 
figures  follows  the  expression 

v^0.0S77 

i  •  0.001  (e  .  1)  . 


where  i  is  the  diode  current  in  milliatnperes  and  is  the  diode 
voltage  in  volts.  This  expression  gives  a  fair  approximation  to  the 
forward  diode  characteristic  for  voltages  less  than  0  2^  volt,  but  it 
IS  not  a  good  approximation  to  the  back  characteristic  due  to  the 
failure  of  the  diode  bark  current  to  saturate  for  large  values  of  back 
voltage.  A  better  approximation  is  obtained  by  adding  a  linear  term 
to  the  diode  current.  Curve  C  in  Figure  12  follows  ’he  expression 

v^0.0J77 

i  ^  0  001  (e  "  -  1)  ♦  Vjj/2270  , 


and  gives  a  good  approximation  to  the  diode  back  characteristi. .  The 
linear  term  is  so  small  that  its  effe«  t  u;  the  forward  ebara  .teristic  is 
negligible 
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Fig.  H .  A  twqmr»d  died*  for> 
wM  ehoroetcriilic  and  hwe  ox* 
pononliol  approKimatiem.  (S** 
t*xt.) 


HtVlKSE  VOi.T*GC  (««IUl 


Fig.  12.  A  me<nuf*d  diode  reven*  chorocHirittic  end  two 
opproAimatiom.  (See  text.) 
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An  expression  of  this  sort  can  be  used  to  approximate  the  diode 
static  characteristic  for  the  design  of  high 'impedance  detectors,  since 
the  voltage  range  over  which  it  is  a  good  approximation  to  the  diode 
characteristic  includes  the  range  of  voltages  applied  to  the  diode..  This 
can  be  shown  by  an  example:  With  a  peak  detector  input  voltage  V  of 
1.0  volt,  the  detector  output  voltage  cannot  exceed  1 . 0  volt. 
Assuming  a  load  resistance  of  one  megohm,  the  average  diode 
current  1^  is  less  than  1.0  pamp.  Thus  the  diode  must  be  biased  in 
the  reverse  region  most  of  the  time.  The  peak  diode  forward  current 

I  may  be  estimated  by  using  t  '  linear  approximation  for  the  diode 

P 

forward  characteristic  as  described  in  Section  ll-l.  For  an  assumed 
diode  forward  resistance  , 


where  the  voltage  efficiency  it  given  in  Section  11*  1.  An  assumed 
value  of  R|.  of  10  ohms  gives  a  peak  diode  current  of  11^  pamp,  which 
IS  well  within  the  range  where  the  appruxinr.atiun  is  valid.  A  larger 
value  of  Rp  would  be  more  realittu  ,  and  would  yield  a  snialter  value 
of  L 


Similar  re<isonin(>  shows  that  a  diode  ip  a  pulse  detector  iir<.uit 
having  a  load  resistaiKe  R^  oi  a  tew  thousand  ohms  may  haw  forward 
currents  of  several  rr,a  fur  dete<.tur  input  voltages  of  the  order  of  one 
volt.  Curve  B  in  Figure  II  follows  the  expression 
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1  -  0.019  (e 


Vjy'0.0?7i 


and  gives  (.  good  approximation  to  the  diode  characteristic  in  the  0. 15 
to  0.4S  volt  range.  Such  a  curve  can  be  used  to  approximate  the  diode 
forward  characteristic  for  the  design  of  low-level  pulse  detectors, 
since  most  of  the  forward  current  flows  in  the  region  where  the  ap¬ 
proximation  is  good.  The  reverse -saturation  current  for  this  assumed 
characteristic  is  19  tuimp,  wKieh  is  not  a  good  approximation  to  the 
diode  back  characteristic.  In  a  typical  pulse  detector,  however,  the 
load  resis'  ir  discharges  the  load  capacitor  with  a  current 
of  the  order  of  0. 25  ma.  An  inaccuracy  in  the  assumed  diode  back 
characteristic  oi  a  few  microamperes  can  be  therefore  neglected. 

It  is  assumed  that  an  expression  of  the  form 


i  ■ 


■  l»  .  Vp/Rn 


can  be  used  to  approximate  the  statu  iharaitenstir  of  a  semiconductor 
diode  for  the  design  of  detector  circuits  when  appropriate  values  ol  1|^ 
c  and  R|^  are  selected.  If  a  sinusoidal  detei  tor  inpu*  voltage  V  and 
a  large  load  capacitor  arc  asaumed.  the  voltage  across  the  diode 

IS 


Vjj  ^  V  cos  wt  - 


Using  the  approximate  diode  statu  t  hara«  tenstic  .  the  diode  current 
for  low -fretiuem  y  input  signals  ih  given  by 
“Vcoswt-V^  n 
«  '  lu  ♦ 


V.os  wt  -  V. 
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(low  frequent  y) 


The  DC  and  fundamental  AC  components  of  this  current  are  found  by 
Fourier  analysis: 


*o“*rL* 


io(V/c>*lJ  -V^/Rr 


-V,/c 

X,  .  21j^  e  ^  (V/c)  ♦  V/Rj^ 


(low  frequency), 


where  1  ard  1,  are  modified  Bessel  functions  of  orders  sero  and 
■"o  1 

one  respectively.  Using  the  relation 


an  expression  relating  V  and  is  obtained; 

’v.(R,  fR.)  1  V  /c 

r  IT  R— ■  ♦  ‘  *  -  L  <v/c)  . 

*r*l*'r 

This  expression  can  be  evaluated  graphically  using  tabulated^^  values 
of  ,  and  the  detector  voltage  efficiency  calculated: 


e  -  V,/V 
V  L' 


Values  of  for  arguments  from  0  to  28  are  plotted  in  Figure  13.  For 
arguments  greater  than  IS.  is  given  oy  the  rel.ition 


1  (*) 


(x  ^  IS) 


so 


with  lets  than  1  percent  error.* 

The  detector  input  resittance  may  be  calculated  once  the 
value  of  V.  resulting  from  a  given  V  is  known: 


The  second  expreseion  is  useful  for  computation  since  the  exponential 
is  not  present.  A  plot  of  for  arguments  from  0  to  20  is  given  in 

Figure  14.  For  large  values  of  the  argument,  Ij/Iq  appruai  hes  unity. 

When  a  pulse  detector  circuit  is  analysed,  an  infinite  value  can 
usually  be  assumed  for  R|^  .  The  preceding  results  show  that  when 
R|^  is  finite,  it  appears  as  a  resistance  in  parallel  with  the  detector 
load  resistance  R^^  in  the  DC  equation  from  which  the  voltage  efficiency 
is  obtained,  and  as  a  resistance  shunting  the  detector  input  circuit  in 
the  AC  equation  from  which  R^^  is  calculated.  These  simple  relation¬ 
ships  are  useful  in  determining  when  a  finite  value  of  R|^  should  be 
assumed. 

The  F<  ner  analysts  of  the  diode  current  shows  that  the 
fundamental  AC  current  component  1|  is  in  phase  with  the  input  voltage 
V  .  and  hence  that  the  detector  input  capacitance  is  sero.  This  is  a 


*S-e  Reference  36,  p.  xxxiv.  Equation  33a 
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1  Fig*  )3*  The  medifiad  ImmI 
I  function  of  oidor  zero  for 
I  orgumonH  from  zoro  to  28. 


result  of  the  assumption  that  at  low  frequencies  the  diode  current 
follows  the  assumed  static  characteristic  and  that  charge -storage 
effects  are  negligible.  However,  even  at  low  frequencies  where  capaci¬ 
tance  due  to  charge -storage  is  negligible,  the  barrier  capacitance 
is  present.  In  practical  cases  the  barrier  capacitance  may  be 
assumed  to  shunt  the  diode,  and  is  much  smaller  than  the  load  capaci¬ 
tance  Cj^  .  The  barrier  capacitance  in  effect  shunts  the  detector  input 
circuit,  and  hence: 

Cjjj  =  Cg  ,  <low  frequency)  . 

The  variation  of  the  barrier  capacitance  with  reverse  bias  (here 
provided  by  the  detector  output  voltage  V^)  is  best  found  experimentally.. 
In  many  cases  this  variation  is  small  over  the  range  of  operating 
voltages,  and  an  average  value  of  may  be  used. 

J.  Extension  to  High  Frequenc  les 

In  the  10-100  Meps  frequency  range  deie«.tor -circui'  performance 
is  affected  by  charge' storage  and  the  results  of  the  preceding  discussion 
must  be  modified  In  order  to  evaluate  the  effects  of  charge  s*orage 
it  IS  first  assumed  (contrary  to  fact)  that  the  simplified  diffusion 
equations,  useo  by  Shockley  for  small  signals,  are  appluablc  at  the 
signal  levels  found  in  detector  circuits  The  solution  of  these  equations 
for  an  applied  voltage. 

Vjj  V.os  wi  -  Vj  ^7) 


Si 


it  given  in  Appendix  A.  The  DC  and  AC  diode  current  components  are 
given  by 


>o=*S 
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using  the  same  symbols  as  in  Section  11-3.  The  DC  current  component 
does  not  vary  with  frequency,  and  the  AC  current  varies  with 
frequency  in  the  same  way  that  the  small -signal  current  was  found  to 
vary  in  Sectiun  11-3. 

This  result  suggests  approximating  the  DC  and  AC  diode  current 
components  respectively  by 
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The  approximate  expression  for  the  DC  diode  current  does  nut  vai  y  with 
frequency,  and  is  the  same  expression  lliat  is  used  to  approximate  the 
DC  current  at  low  signal  (requeinies.  The  approximate  expression  for 
the  AC  diode  current  is  similar  to  t)Mt  used  at  low  frequencies,  except 
thai  the  first  terni  in  the  expression  the  term  resulting  from  the  non¬ 
linear  diode  i  harai  t-Tistic  ,  is  mnlliphed  h\  the*  factor  [g(w)  ♦  j  B(w)j  , 


called  the  charge •atorage  factor.  The  last  term  repreaenta  the  current 
through  the  barrier  capacitance  Cg  .  The  charge ‘atorage  factor  cor- 
reaponda  to  the  bracketed  term  in  Equation  8,  and  gives  the  variation  of 
the  AC  diode  current  with  frequency.  At  low  frequenciea  the  charge* 
atarage  factor  approachea  unity,  ao  that  the  approximate  eiqtreaaion 
for  the  AC  diode  current  ia  the  aame  aa  that  uaed  at  low  frequenciea . 
The  charge ‘atorage  factor  increaaea  with  frequency  in  aimilar  faahion 
to  the  norn^aliaed  hole  currenta  plotted  in  Figa.  8  and  9.  In  practice 
the  charge ‘atorage  factor  ia  obtained  experimentally. 

The  detector  voltage  efficiency  e^  that  ia  calculated  uaing  thia 
ai^roidination  ia  the  aame  aa  that  calculated  at  low  frequencies,:  aince 
the  ei^reaaion  for  the  DC  current  it  the  aame.  The  detector  input 
reaiatance  ia  calculated  in  the  aame  way  aa  at  low  frequenciea, 
but  uaing  only  the  real  part  of  the  approximate  AC  diode  current; 

c  1,(vAig(w)  t  jjL 
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In  caaea  where  R_  la  aasumed  infinite,  the  input  reaiatance  la  equal 
to  the  value  lalculated  at  low  frequenciea  divided  by  the  real  part  of 
the  charge 'atorage  factor  Gfw)  .  The  lapacitance  of  the  junction  Cj 
18  calculated  uaing  the  iniaginary  part  of  'he  aaaumc'd  AC  diode-  current; 
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Whan  tha  paak  forward  diode  current  is  small,  as  is  the  case 

for  hifh*impadance  detectors,  the  detector  iiq^t  capacitance  is  am*foxi* 

mately  equal  to  the  diode  Junction  capacitance  Cj  .  However,  when 

large  forward  current  flows  in  the  diode,  the  bulk  impedance  of  the 

25*27 

diffusion  regions  has  an  appreciable  inductive  component.  The 

atfect  of  this  inductance  in  series  with  the  Junctiun  is  to  reduce  the  input 
capacitance  from  the  low>level  value  of  Cj  : 


«  », 
in 

«  1/R 


in 


The  effective  series  inductance  depends  on  the  diode  parameters 
and  operating  conditions . 


4.  Effects  of  Detector  Loads  Having  Short  Ttme  Constants 

When  detectors  are  designed  to  detect  modulated  signals,,  the 
time  constant  of  the  detector  load  must  be  small  enough  to 

permit  the  detector  output  voltage  to  follow  the  modulation  at  the 
detector  input,*  In  some  rases  the  required  detector  load  time  con¬ 
stant  ir  small  enough  to  allow  an  appreciable  AC  signal  to  develop 
across  the  detector  load.-  In  such  rases  the  voltn^e  across  the  diode  is 


*rhe  design  of  detectors  having  specified  response  times  is  discussed 
in  Sections  111-8. 
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different  fi'om  that  assumed  in  the  preceding  analysis ,  and  the  detector 

performance  differs  appreciably  from  that  predicted.  In  general, 

reducing  the  time  constant  results  in  a  reduction  in  voltage 

efficiency  e^,  and  increases  in  input  resislance  and  inpitt  capaci> 

tance  C,  ■  An  auroximate  method  for  evaluating  these  effects  is 
in 

given  below.* 

The  detector  output  voltage  is  assumed  to  consist  of  a  DC  term 
V,  and  an  AC  term  containing  only  the  fundamental  frequency  component 

Id 

•  lagging  the  detector  iiqiut  voltage  V  by  an  angle  : 

V,  =  V,  V  cos  M  *  • 

L  L  o  ' 

The  voltage  v^  across  the  diode  is  then 

Vjj  *  Vcos  wt  CuS  (ut  (p)  -  , 

=  V*  cos  (wt  ♦  0)  •  Vj^  , 

where  the  AC  diode  voltage  V*  and  its  phase  angle  0  relative  to  the 
detector  input  voltage  V  are  related  to  V,  ,  and  ^  as  shown 
in  the  vector  diagram  of  Figure  15.  The  second  form  ot  the  expression 
for  the  diode  voltage  Vq  differs  from  that  previously  assumed 
(Equation  7)  only  in  the  amplitude  and  phase  of  the  AC  signal.  Making 
the  same  approximations  as  in  the  abeve  derivation,  the  DC  and  AC 
diode  current  components  are  given  by  Equations  9  and  10  with  V 
substituted  for  V  and  with  the  pnase  of  the  AC  current  taken  with 
respect  to  V  : 


♦The  approach  here  is  similar  to  that  used  in  Reference  4,  but  wiih  a 
better  approximation  to  the  diode  <  haraileristu  . 
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Fig.  IS.  Vtctar  rtlotiomhip  in  d«t*clon  having  ihorl 
lo^  time  comtonh.  (So*  Nxt.) 
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Given  n  value  of  V  •  the  correeponding  value*  of  V,  ,  I  and 

lid  o 

1|  are  calculated  in  the  aame  way  as  previously.  Since  the  diode  AC 
voltage  V  is  not  in  general  equal  to  the  detector  input  voltage  V  ,  the 
quantities 
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R.[I,]  • 


Im 
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are  not  the  detector  input  resistance  and  input  vapacitance,  but  only 
quantities  relating  the  AC  diode  ciirrcnt  to  the  AC  diode  voltage.  The 
vector  representation  of  the  AC  diode  current  1|  and  its  components 
is  shown  in  Figure  15.  The  phase  angle  Ity  which  1|  leads  V  is 
called  o  : 


tan 
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Im 
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tan'*  wR'  C 
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The  AC  voltage  developed  across  the  detector  load  circuit 
by  the  AC  diode  current  Ij  is  given  by 


where  the  phese  of  ie  relative  to  1|  .  The  locus  of  for  varying 
C|^  is  a  semicircle  having  the  vector  *•  its  diameter,  as  shown 

in  Fig.  15.  The  phase  of  lags  1^  by  an  angle  6. 

Un“*  = 


The  detector  input  voltage  V  is  the  vector  sum  of  V  and  .  The 
magnitude  of  the  detector  input  voltage  is  given  by 


V  »  v* 


1  f  cos  {&  .  a)  cos  e 

R'.  cos  a 

in 


L  sin  (6  -  0)  cos  Q 


and  the  phase  angle  ^  by  which  V  lags  V  by 
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where  and  o  are  the  values  <  orresponding  to  the  assumed  diode 

voltage  V  The  detector  circuit  parameters  for  an  input  voltage  V 
are  readily  calculated: 


Ri-»  -r-i — ^ -  • 

jl.|  sin  («  +0) 

^in  *  - 179 - 

Tho  fsct  thst  the  ou^ut  volUge  in  n  detector  having  a  small 

load-circuit  time  constant  contains  harmonics  of  the  signal  frequency 

as  well  as  the  DC  and  fundamental  frequency  AC  components  that  were 

assumed,  results  in  inaccuracies  in  the  circuit  parameters  calculated 

using  this  method.  In  general,  the  reduction  of  voltage  efficiency  e^ 

and  the  increases  of  input  resistance  R  and  input  capacitance  C. 

in  In 

resulting  from  a  reduced  load  time  constant  are  greater  than  those 

calculated  using  the  method  described  shove.  In  many  practical  detector 

circuits,  the  reduction  in  e..  and  increases  in  R._  and  C  are 

V  in  in 

themselves  small,  and  the  errors  in  the  calculated  performance  can  be 
neglected. 

5.  The  Effect  of  a  Low-Q  Driving  Circuit 

It  has  been  assumed  in  the  preceding  analysis  that  the  detector 
input  voltage  v  (see  Fig.  1)  is  sinusoidal.  This  is  a  good  approximation 
when  the  Q  of  the  tuned  circuit  loaded  by  the  detector  is  high,  since 
appreciable  harmonic  voltage  components  cannot  exist  across  a  high-Q 
tuned  circuit.  However,  in  many  cases  ot  practical  interest,  the  Q  of 
the  tuned  circuit  is  not  'arge,  and  the  non-linear  loading  of  the  detector 
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circuit  result*  in  a  nop-sinuaoiiUl  voltage  across  the  tuned  circuit  and 
the  detector  input.  In  the  following  discussion  an  eiqtression  for  esti¬ 
mating  the  departure  of  the  input  voltage  v  from  a  sinusoid  is  developed, 
«ind  the  effect  of  this  departure  on  the  performance  of  the  detector 
circuit  is  considered. 

When  the  Q  of  the  tuned  circuit  loaded  by  a  detector  is  low,  the 
current  drawn  by  the  detector  during  the  positive  peak  of  the  detector 
input  signal  causes  a  flattening  of  the  voltage  waveform.  The  resulting 
detector  input  voltage  v  contains  a  fundamental  component  and  har  - 
monies . 

A  measure  of  the  flattening  of  the  voltage  wavefoi  m  is  the  ratio 
of  the  magnitude  of  the  second  harmonic  voltage  component  to  ^he 
fundamental  voltage  component  V  .  The  second  harmonic  voltage 
is  developed  by  the  second  harmonic  diode  current  1^  which  must 
flow  through  the  tuned  driving  circuit  since  the  input  current  1^^^  is 
assumed  sinutuidsl  (see  Pig.  1).  The  magnitude  of  the  second  harmonic 
voltage  is  given  by 


where  is  the  impedance  ut  the  tuned  circuit  at  the  second  harmonic 
frequency.,  Tho  second  harmontt  diode  current  1^  can  be  approximated 
by  the  second  harmonic  current  calculated  in  Appendix  A  for  a  sinusoidal 
input  vi'ltage  V  : 


(Since  only  fundamental  frequency  diode  voltage  V|^  is  assumed,  there 
are  no  terms  in  the  expression  for  corresponding  to  the  last  two 
terms  in  Equation  10.)  The  impedance  of  the  tuned  circuit  at  twice 
the  signal  frequency  is  given  by 


where  w  is  the  angular  frequency  of  the  input  signal  The  fundamental 
voltage  component  V  is  given  by 
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the  current  V/Rj^  being  neglected  in  comparison  with  the  other  term. 

Combining  these  expressions,  the  ratio  of  second  harmonic 
voltage  to  fundamental  voltage  m  given  by: 
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In  nuiny  cases  Ca)^  i.  much  larger  than  unity,  and  the  ex¬ 

pression  can  be  simplified: 
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The  function  l2(»)/l|(x)  »*  plotted  as  a  function  of  x  in  Fig.  14,  For 
large  values  of  the  argument  the  fund^ion  approaches  unity.  The  values 
of  |G(2m)  t  jB(2w)|  and  G(w)  f  an  be  found  by  measurement.  The 
factor  lC(2w)  t  j  B(2(.i)]/G((a)  la  expected  to  vary  between  unity  at  low 
frequencies  where  G(w)  is  constant  and  B(wt  is  smalt,  and  two  at 
frequencies  well  above  this  region.  The  higher  value  is  a  good  approxi¬ 
mation  for  this  factor  tor  many  diodes  the  10-100  M(ps  frequent  y  range. 
Using  these  approximations, 
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This  result  shows  that  the  tlattening  ot  t'le  detf,  lor  input  wave¬ 
form  varies  inversely  with  the  dete<  tor  input  reiiisiHiue  R  and  the 

in 

admittaii' e  of  the  (dpaiitante  C.  in  'he  I'lned  i  iri  in’  Bi  .ause  ol  the 

A 

.ipproxima' ions  made  m  Mu  di-rivatuoi  Mu'  resi.l'ini*  expr<  s.'.iun  dot  s 


not  give  an  accurate  evaluation  of  the  actual  ratio  of  second  harmonic 
voltage  to  fundamental  voltage  when  the  eecoud  harmonic  ia  appreciable . 
However,  the  expreaaion  ie  useful  in  estimating  th.  amount  of  flattening 
of  the  detector  ii^ut  voltage  waveform,  and  is  used  in  calculating  the 
performance  of  detectors  driven  from  low-Q  circuits  as  discussed  below. 

The  detector  voltage  efficiency  e^  and  input  resistance 
are  defined  only  for  sinusoidal  detector  input  voltages  and  therefore 
cannot  be  used  when  the  iig>ut  voltage  waveform  is  flattened.  The 
detector  current  efficiency  e^  is  therefore  defined  without  reference 
to  the  voltage  waveform  and  describes  the  overall  performance<of  the 
detector  and  its  driving  circuit: 
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where  is  the  resistive  component  of  the  AC  detector  input  current 
I|  ,  and  Ij^  is  the  fundamental ‘frequency  component  of  the  current 
through  the  driving -circuit  resistance  R^  .  When  the  detector  input 
voltage  is  sinusoidal,  the  current  components  are 
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and  the  current  efficiency  ia 


e.  * 
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When  the  detector  input  voltage  waveform  is  flattened,  due  to 
detector -circuit  loading,  the  values  of  and  I'^  that  result  in  a 
given  value  of  are  changed.  The  fundamental -frequency  component 
of  current  through  the  source  resistance  is  increased,  since 
sn  input  voltage  waveform  having  a  larger  fundamental -frequenc y  com¬ 
ponent  is  required  to  produce  a  given  diode  DC  current  when  the 
waveform  is  flattened  than  when  the  input  voltage  is  sinusoidal.  The 

value  of  1.  for  a  given  value  of  1  (and  hence  V  1  increases  by  a 
A  O  L 

factor  l/a  ,  where  l/a  £  1  is  a  fumtion  of  the  input  voltage  wave¬ 
form  approaching  unity  for  a  sinusoid.  The  value  of  is  given  by 
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However,  the  flattening  of  the  voltage  wavefornr  results  in  a  flat»>M.ed 
diode-current  pulse.  The  flattened  current  pulse  hat  a  smaller  com¬ 
ponent  of  AC  current  I'j  (or  a  given  value  of  DC  current  .  Thua 
the  flattening  of  the  current  pulse  tends  to  decrease  the  value  of  I'j  by 
a  factor  1/ab  ,  where  ^  -  I  ^  iunction  of  the  input  voltage  wave¬ 
form  approai  hing  unity  (or  sinusnidal  input  voltages.  The  value  of  l'| 
IS  given  by 
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The  current  effici^^ncy  is  then  given  by 


^  * «; 


where  and  are  the  parameters  calculated  for  a  detector  driven 
by  a  sinusoidal  voltage  having  the  same  output  voltage  Vj^  at  the 
detector  for  which  the  current  efficiency  it  being  calculated.  The  para* 
meters  a  and  b  are  functions  of  the  flattening  of  the  detector  input 
voltage  ai.i  hence  of  the  quantity  jV^/vj  that  was  previously  calculated. 
Values  of  these  parameters,  obtained  from  measurements  of  detector 
performance,  are  presented  in  .iection  IV *5. 


6.  Effects  of  Moderate  Temperature  Variations 

Variations  of  detector  performance  with  temperature  may  be 
calculated  using  diode  parameters  measured  at  various  temperatures. 
However,  when  the  range  of  temperature  variation  is  not  great,  (e.g. , 
normal  room  temperature  variation,)  the  changes  in  detector  performance 
can  be  estimated  without  the  necessity  for  repeated  calculations. 

Schaffner  and  Shea^^  have  shown  that  at  low  signal  levels  where 
the  diode  static  characteristic  is  given  by 
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the  only  significant  change  in  this  static  characteristic  with  temperature 
18  the  variation  of  the  saturation  current  1^  .  (Since  T  in  the  exponential 
represents  absolute  temperature,  changes  due  to  moderate  variations  of 


temperature  around  room  temperature  are  small  and  can  be  neglected.) 
The  variation  of  1^  is  given  by 
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where  AT  is  the  increase  in  temperature,  1'^  is  the  saturation  cur* 
rent  at  the  original  temperature ,  and  a  is  a  temperature  coefficient 
equal  to  approximately  0.08  (degrees  C)*^  for  both  silicon  and  germanium. 
At  higher  signal  levels,  where  the  low-level  diode  characteristic  is 
not  valid,  the  diode  voltage  v^^  required  to  produce  a  given  diode  cur- 
t  ent  i  is  reduced  by  an  amount  proportional  to  the  temperature 
inctease: 
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where  v*^  is  the  diode  voltage  at  the  original  temperature. 

If  the  assumed  diode  characteristic  at  the  original  temperat\ire 

is 
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then  for  an  increase  in  temperature  of  AV  the  cltaracteristic  becomes 
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When  the  low-level  diode  characteristii.  is  not  valid,  the  second  term 
in  the  brackets  can  be  neglected  and  the  characteristic  can  be  approxi¬ 
mated  by 


where 


a  AT  kT 
e 


When  the  aaiumed  diode  characteristic  is  chosen  for  use  at  low  signal 
levels , 


(low 'level  approKimations)  , 


and  reference  to  Equation  11  shows  that  the  equation  for  1|^  applies 
to  the  low-level  approximate  characteristic  as  well  as  the  high-level 
approximations..  Thus  the  principal  effect  of  temperature  variations  on 
the  diode  characteristic  is  a  change  in  the  assumed  reverse-saturation 
current  The  change  in  for  small  temperature  changes  is  given  by 
the  derivative  of  with  respect  to  T 


lim 

AT  0 


oATkr 
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The  effect  of  smalt  ihan^es  of  1_  on  lin-  viueiation  of  the 

R 

detector  I  ir<  uit  is  found  hv  caUuiatt■l^  the  derivatives  of  the  detector- 

iiiiuit  paranu-liTi*  wiih  respeit  to  1„  < 

K 

b9 


Thesi-  lalculations  are  shown 


in  App«ndix  B.  The  normalised  derivative  of  the  voltage  efficiency  is 


where  the  reverse  resistance  is  included  in  the  detector  load  re¬ 
sistance  ,  The  normalised  derivative  of  e^,  with  respect  to 
temperature  is  then 

1  '*.  .  I  ■*%  "r 

r  •  TT  ■  s;  •  •  TT  - 

«kT 

For  many  pulse  detectors,  V|^  »  c  t  above  expression 

becomes 


« 


«kT 


»c.Rl1^). 


For  a  value  of  e  of  O.OR  (degrees  C)**  and  for  kT/q  »  0.025  volt 

the  fractional  increase  in  the  voltage  efficiency  e^  per  degree  C  of 

temperature  rise  is  O.OOVVj^  . 

The  detector  input  resistance  may  be  considered  as  a 

para'lel  combination  of  a  resistance  Rj^  resulting  from  the  diffusion 

current,  and  the  reverse  resistance  R„  .  The  variation  of  R_  with 

K  D 

sma’l  changes  of  l^^  is  shown  in  Appendix  B  to  be 
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The  normalised  derivative  of  R.  with  respect  to  T  is  then 

in 

1  "i.  .  »R*»D  1  -“d  '“r 

«kT(c  ♦  Rj^Ij^) 

*  ‘  ’  ‘=‘i(VL  +  ^  “l V»  ’ 

Tor  the  case  when  ^  *^D  •  ***®  rp*i»t»nce 

is  reduced  by  the  same  factor  as  the  voltage  efficiency  is  increastHl. 
When  these  conditions  are  nut  met,  the  change  of  input  resistance  may 
be  greater  or  less  than  this  value. 

The  derivative  of  the  diffusion  capacitance  with  respect  to 
T  is  found  in  a  way  similar  to  that  used  for  R.^ : 

I  **^0  .  *  *^lHi 

^  ^  ^i7  “rTq:i-)  • 

j  dCjj  akT(c  ♦  Rj^lj^) 

^  TI-  -  +  • 

When  c  »  R|^l|^  •  Ihe  diffusion  capatitanir  increases  bv  the  same 
factor  as  the  voltage  efficiency. 

When  the  detector  input  resistance  R  is  much  smaller  than 
the  driving  circuit  resistance  R^  .  the  current  efficiency  is  approxi- 
n.-tely  given  by 


e 

I 


e  R 


»  R  )  . 

Ill 
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The  nornutlised  derivetive  of  the  current  efficiency  with  respect  to 
temperature  ia  then 


I  ■‘•i  I 
•i  ^  *1 


"i. ,  1 

■ar-  *  V 


de 
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When  the  diffuaion  resistance  Rq  is  much  less  than  the  diode  reverse 
resistance  R|^  , 


I  ’*-i  . 

IT  *  '  c-q^v^rr-fRj^yj 


(  ""  ^n 


At  high  signal  levels  the  variation  of  current  efficiency  with  temperature 
is  small. 


7.  The  Effects  of  Output  Circuit  Loading  on  Detector  Performance 

The  circuit  to  which  the  detector  output  is  connected  mav  affect 
the  detector  performance.  The  output  of  a  high 'impedance  detector 
is  normally  connected  directly  to  a  high-resistance  DC  indicating  device. 
Since  the  input  resistance  of  the  device  is  in  parallel  with  the  detector 
load  resistor,  the  value  of  the  parallel  combination  may  be  used  as  R^^ 
in  calculating  the  detector  performance.  The  output  of  a  pulse  detector 
IS  normally  connected  to  a  video  circuit,  either  directly  or  through  a 
coupling  capacitor.  The  effects  of  these  uutput  connections  on  detector 
performance  are  discussed  below. 

Figure  Iba  shows  a  detector  circuit  capacitively  coupled  to  load 
represented  by  a  resistance  .  It  is  assumed  that  the  coupling 
capacitor  is  large  enough  so  that  no  v.deo  signal  is  developed  across 


Fig.  16.  Equivalvnt  circuits  for  two  dotoctor  output 
connoctiom:  o)  AC  coupling,  b)  Diroct  coupling 
to  tb«  boio  of  o  trontistor. 


it,  ami  that  any  capacitance  aaaociated  with  the  loading  circuit  is  in¬ 
cluded  in  the  detector  load  capacitance  Cj^  .  The  coupling  capacitor 
charges  up  to  a  DC  voltage  equal  to  the  average  valve  of  the  de¬ 
tector  output  voltage  V|^  .  When  the  detector  input  voltage  V  is  not 
modulated,  Uiere  is  n('  change  in  the  detector  output  voltage  and  no 
current  flows  in  C  and  R  When  the  modulation  changes  V  from 
its  average  value,  the  detector  output  voltage  is  char.ged  by  an  amount 

.  Since  the  voltage  across  the  coupling  capacitor  cannot  change 
with  the  modula  on,  a  portion  of  the  diode  current  flows  through 
and  .  The  diode  video  cut  i  eat  1  (wltlclt  vat  ieS  with  the  Signal 

modulation)  is  given  by 


1 


o 


♦  AV 


♦ 


The  detector  voltage  effitienry  e^  and  input  resistance  may  be 

calculated,  using  this  value  of  ,  by  the  method  described  in  Section 
Ul-2.  The  effect  of  the  output  loading  circuit  is  negligible  when  the 
second  term  above  is  much  smaller  than  th«*  first  term,  cr  equivalently, 


When  is  negative  and  approat  hes  V.  in  magnitude,  this  cundi- 

■“  *•'0 

tion  is  difficult  to  meet.  When  the  two  lernis  are  equal  in  magnitude 
and  IS  negative,  the  D<1  diode  lurrent  1^^  is  sero.  Since  only 

Very  small  negative  DC  diode  (urr*'ntK  •  an  tlow  ,  l!.,  uti(]iiit  voltage  wave¬ 
form  IS  rhppt>d  at  a  value  of  AV,  given  by:* 

♦This  IS  equivalent  to  »!»»■  negative  p«'„l  i  hppitiu  Jist  ussed  by  Temmav 
in  Ref.  37,  pp.  SS4 -SS7. 
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Wh«n  the  detector  ouput  is  directly  coupled  to  the  base  of  a 

tranaiater  the  loading  circuit  may  be  repreaeuted  by  a  current 

ahunted  by  a  reaiatance  •  aa  ahown  in  Pig.  16b.  The  detector  load 

reaiatance  R^  may  be  taken  aa  the  parallel  combination  of  R'^  and 

R  .  The  diode  DC  current  1  ia  given  by 
o  o 


Setting  thia  e^ual  to  the  eapreaaion  derived  from  the  diode  cha.acteriatic, 


*E*  ‘'ll-  'll'  • 


(The  diode  reverae  reaiatance  R|^  ia  aaaumed  to  be  combined  with  R^^  . ) 
Calculating  the  derivative  of  with  respect  to  1^  , 


r 

It- 

=  |_*L 


e  ^  4  (V/C) 


dV. 


Jo 


Fur  values  of  1^  near  zero,  this  may  be  written: 
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c 
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The  relative  change  in  for  email  values  of  1^  can  be  calculated 


’“''l  .  '/''l  ,, 

T.—  - C  *  V,  "“e  • 


For  large  values  of  V  such  that  V  »  c  and  V  »  I  R  ,  this 

L*  R 

n.ay  be  simplified: 


"''l-  -  V  dl  ''l*  ^ 


The  chan({t'  in  the  detcttor  input  resiatanie  la  cakulaled 


.»  follows; 


(The  diode  reverse  resistance  is  omitted  iiere,  and  can  be  added 

in  parallel  with  .)  For  lar^c  values  of  this  may  be  approxi¬ 
mated  by 


c 

tV"  'r«l 


At  very  low  input  voltades,  a  positive  value  of  bias  current 
develops  a  voltage  approximately  equal  to  across  the  load 

resistance  and  back  biases  the  diode.  The  voltage  efficiency  approaches 
infinity  as  the  detector  input  voltage  approaches  zero.  The  detector 
input  resistance  is  equal  to  the  incremental  resistance  of  the  diode 
with  a  bark  bias  of  volts.  At  very  low  input  voltages  and  nega¬ 

tive  values  of  bias  current  Ig  •  the  bias  current  divides  between  the 
detector  load  resistance  and  the  diode  itself.  The  detector  output  voltage 
V,  and  the  voltage  efficiency  arc  aero  for  a  value  of  detector  input 
voltage  approximately  equal  to  detector  input  resistance 

equals  the  incremental  resistance  of  the  diode  with  a  forward  bias  rc - 
sultirg  from  the  portion  of  1^  that  flows  in  the  diode. 


8.  The  Response  Time  of  Pulse  Deteitors 

The  speed  of  response  of  a  pulse  detector  is  given  by  Its  rise- 
time  and  fall -time  .  The  rise-liine  is  defined  as  the  lime 
the  detector  output  lakes  to  thange  from  10  to  90  percent  of  the  voltage 
between  its  initial  and  final  levels  when  .in  abrupt  increase  of  input  sig¬ 
nal  level  oi  curs.  Fall -lime  is  sinitlarly  defined  for  a  decrease  in  input 
signal  li'vel.  Since  the  detei  lor  res|>onse  lime  depends  on  the  driving 
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circuit  as  wull  as  tho  dulector  itself,  the  two  circt.ils  are  designed 
together  and  the  rise -time  and  fall -times  considered  are  those  of  the 
combined  circuit. 

Callandar^^  has  analyzed  a  detecttir  driven  by  a  single-tuned 
circuit  as  shown  in  Fig.  !.♦  In  order  to  obtain  simple  results  the 
following  assumptions  are  made; 

1.  The  detector  output  voloige  follows 

the  envelope  of  the  voltage  V  ai  ross  the 
tuned  circuit. 

2.  The  quantity  h  =  constant. 

3.  The  input  signal  frequeiii.y  is  at  the 
resonant  frequem  v  of  the  tuned  (irtiiit. 

Under  these  assumptions,  the  overall  rise-  and  fall -times  for  the  cir 
cult  are  equal ,  and  given  by 


2R  R. 
in  A 


TIT  ♦  «A 


(li) 


This  lime  is  the  same  as  the  video  rise  ’ime  of  an  R-C  »irtuil  with 
R  -  R^ /(R^^^  +  )  .  and  C  -  ♦  hCj  .  When  R^  is  large 

.itid  the  (;)rcuit  loading  is  due  largely  to  the  di-leilor. 


-  T. 


C  .  ./hl 
A 


(R 


R  I 

in 


♦  Dct.ci  tors  driven  by  more  i  omplex  «  in  nits  .ir*'  disi  ussed  tn  Ref.  35 
aiul  Ih. 


7H 


The  v&lidity  of  the  first  sssumption  is  assured  if 


or  equivalently. 


(13) 


or, 


If  this  condition  is  not  met,  the  full-time  is  limited  by  the  response 
time  of  the  detector  load  circuit: 


Tj  »  .  (14) 

In  other  words,  the  detector  rise -time  is  given  by  Equation  U 
whether  the  condition  giver  in  Equation  13  is  satisfied  or  iiot.  The  fall- 
time  Tj  IS  given  by  Equation  12  or  14,  whichever  is  the  larger. 

The  second  assumption  is  not  entirely  justified  since  does 

vary  with  signal  level  lor  a  constant  .  However,  h  may  be  con¬ 
sidered  constant  fc<r  small -changes  of  signal  level,  and  the  result  is  a 
reasonable  approximation  for  larger  i  lianges  il  a  suitable  value  of  h 
IS  chosen.  The  third  assumption  is  valid  m  many  practical  cases.  It 
does  not  appear  that  the  icsults  are  atlc-cted  appreciably  when  the  sig¬ 
nal  frequency  is  within  the  Jdb  bandwidth  of  the  tuned  circuit.* 

Callandar  gives  experiineiital  verification  of  these  resists  for 
vacauin-diode  detectors. 


♦The  elfects  of  detector  driving  i  i.,.  .i.ts  not  tuiud  to  the  signal  freq.’'  r.c  v 
are  discussed  in  R«-l.  3**. 
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IV.  Me;<Hii.*<»mcntB  and  Comparinon  with  Theory 
1 .  Procedures  and  Measuring  TcchniqucB 

Measurements  have  been  made  to  establish  the  range  of  validity 
of  the  detector ‘design  theory  presented  in  Section  III.  The  diode  types 
used  for  the  detector  measurements  are  the  S570G  gold  bonded  ger¬ 
manium  diode,  manufactured  by  Transitron  Electronic  Corporation, 
and  the  FDIOO  diffused  silicon  planar  diode,  manufactured  by  Fairchild 
Semiconductor  Corporation.  They  were  selcfctcd  as  representative 
high-performance,  commercially-availablc ,  germanium  and  silicon 
diodes  for  detector  circuits  in  the  10*100  Meps  frequency  range. 

The  diode  parameters  that  are  used  in  the  design  theory  were 
measured  for  the  two  diode  types.  Using  these  measured  values,  the 
theoretical  performance  of  both  high-impedant  e  and  pulse  detectors 
was  rrilcnlated  f<»r  a  variety  of  circuit  parameters  and  operating  condi¬ 
tions.  Corresponding  detector  circuits  were  built  and  then  perfor¬ 
mance  measured.  The  results  of  the  measurements  are  comp.ired 
with  the  calculated  performance  biter  in  this  section.  Measurements 
of  pulse  response  are  reported  and  discussed  separately  in  Section  V-3 
Since  detei  tor  - «  i  r<  uit  voltage  efficiency  e^  ,  inpu*  resistance 
,  and  input  <  apaf  itan-  e  depend  on  the  input  voltage  V  ,  (and 

.also  on  the  waveform  of  the  input  voltagt-),  it  is  neiessarv  to  measure 
th**  dele*  tor  perlormani  «•  with  tin*  desired  input  voltage  applied  to  the 
diMector  input.  Three  lethniques  were  used  in  measuring  detettor- 
•  ircuil  performaiu.e; 

1.  Q  Me*«T.  Measurements  were  made  at  signal  frequencies 
from  20  »  IOC  Mips  with  a  Iloonton  Mtuiel  I‘t0-A  Q  Meter,  and  at  fre- 
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qucnciv*  bf'nw  20  Mcps  with  «  Doonton  M^xlel  160>A  Q  Muter,  '^hu 
mvaiurinK  procedure  in  follows:  The  Q  Muter  oscillator  is  sut 
to  thu  desired  frequency,  A  coil  is  cunnuctud  to  the  "L"  lurminalfi 
and  is  resonaled  by  adjusUnK  the  internal  f.aparttor .  The  Q  Meter 
capacitor  reading  and  measured  Q  are  recorded  as  Cj  and  .  The 
detector  circuit  shown  tn  Fig.  17a  is  then  connected  to  the  "C"  terminals 
of  the  Q  Meter  and  the  internal  capacitance  is  again  adjusted  for 
resonance.  The  desired  input  voltage  V  is  obtained  by  adjusting  the 
Q  Multiplier  control  on  the  Q  Meter.  The  input  voltage  V  is  measured 
using  either  a  Hewlett-Packard  410D  VTVM  or  a  previously  calibrated 
high -impedance  detector.  Since  a  change  in  V  may  affect  thu  de¬ 
tector  input  capacitance  C.^  .  thu  Q  Meter  internal  capacitor  and  the 
Q 'Multiplier  are  rudidjusted  until  the  desired  input  voltage  is  obtained 
at  resonance.  The  Q  Meter  capacitor  reading  and  the  measured  Q  are 
recorded  as  ^hd  .  The  OC  detector  output  voltage  is 

read  using  a  high  impedance  DC  voltmeter.  The  R-C  filter  following 
the  detector  removes  any  AC  signals  Irom  the  deteitor  ouiput.  The 
detector  voltage  efficiency  is; 


'rhe  equivaieiil  paiaili'I  resistaiue 
cult  are  given  by 


R  and  capac.tance  C  of  the  cir- 
P  P 


^1^2 

'V  ‘  2irrc,iQ7'“Q2)  • 


Fig.  17.  Circuit*  used  for  detector  nwaiurtnMmH:  o)  G  n-iCter  ond 
admittance  bridge  meosurements  b)  Transistor  circuit  meosurements. 


The  loading  due  to  the  input  voltage  measuring  instrument  and  stray 
capacitance  are  measured  on  the  Q  Meter  with  the  detector  diode  dis¬ 
connected.  The  input  resistance  and  input  capacitance  C.^  of 

the  detector  are  then  calculated. 

The  range  of  input  voltages  over  which  the  performance  of 
a  detector  may  be  measured  on  either  of  the  Q  Meters  is  limited,  and 
varies  with  the  detector  input  resistance  and  the  signal  frequency. 
However.  Q  Meter  measurements  are  often  convenient  for  comparing 
similar  circuits,  or  for  evaluating  small  changes  in  circuit  perfor¬ 
mance,  e.g.,  with  changing  temperature.  Since  the  detector  ia 
driven  from  a  tuned  circuit,  the  analysis  in  Section  111-5  may  be  used 
to  determine  if  the  input  voltage  waveform  is  flattened.  In  most  cases 
the  waveform  is  nearly  sinusoidal.  This  may  be  verified  when  a  high- 
impedance  detector  is  used  to  measure  the  detec  tor  input  voltage  by 
reversing  the  diode  and  noting  if  the  indicated  voltage  changes. 

It  is  estimated  that  the  values  of  R.  obtained  from  the  Q- 

in 

Meter  measurements  are  accurate  to  better  than  ±  10  percent,  the 

values  of  C.  are  accurate  to  *0.2  upf,  and  the  values  of  e  are 
in  V 

acc  urate  to  *  5  percent. 

2.  Admittance  bridge.  Meamirements  were  made'  at  signal 
frequencies  from  1  to  100  Meps  with  a  Wayne-Kerr  D801  Admittance 
Bridge.  The  measuring  procedure  ks  as  follows:  The  oscillator  driving 
the  bridge  is  set  to  the  desired  signal  frequency  and  the  bridge  is 
balanc«;d.  The  detector  i  ircuit  shown  in  F'lg.  17a  is  connected  to  the 
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"unknown”  icmindls  of  the  bridf'e.  The  OMrillator  output  level  is 
adjusted  to  produce  the  desired  detector  input  wnltage  V  ,  and  the 
bridge  is  again  balanced.  The  detector  output  voltage  V  is  mca  • 
su/ed,  and  the  circuit  conductance  and  capacitance  Cp  are  read 

from  the  bridge.  The  detector  input  resistance  and  input  capai  i* 

lance  are  obtained  bv  calc  ulations  after  measuring  the  loading 

of  the  input  voltage  measuring  instrument  and  stray  capai  i^anie.  The 
detector  voltage  efficiem  y  e^  is  calc  ulated  as  above 

Since  the  source  impedance  of  the  iidmittance  bridge  is  not  a 
tuned  circuit,  the  bridge  impedaiu  e  at  the  sec  ond  •  ha  rmonic  frequency 
..i  appreciable  compared  with  the  input  resistance  of  most  pulse  de¬ 
tectors.  Following  the  discussion  of  S«-<tion  Hl-b.  the  admittance 
bridge  can  nut  tlier<*fore  by  used  to  mea-oire  these  pulse*  detc*c  tors 
without  flattening  of  the  detector  input  voltage  waveform.  The  ad 
rr.ntancc*  bridge  is  useful  for  mc'asuring  high  - 1  mpedanc  e  dc*n*c  lor 
performance,  and  in  making  small -signal  mea surc*ment s  of  diode 
admittance.  The  accuracy  ot  values  ol  R  and  C.  obtained  from 

III  in 

*hc*se  measurements  is  usually  Iimit**cl  bv  the*  disc  rimination  of  the* 

admittance*  bridge*.  At  (rc*quc*neic*s  bc*low  SQ  Me  ps  the*  discrimination 

is  0.0^  m  nil'o.  above  SO  Me  ps  th«*  ch,><  rimination  fall.s  to  0.  1  m  inho. 

Thus  the*  ac  e  urac  v  obtainecl  dc*c  ri*asc*s  .».■<  the*  v.ilui*  of  R  inereasc's. 

in 

The  ac  c  urac  y  of  va1ui*s  ul  C  is  esMmalecl  tci  be*  t  0  i  uuf. 

3.  Transistor  Circuit  Mc*asurc*nic*ii*s  w;*re  made  at  signal 
frequencies  f.*om  I  to  100  Mips  using  the*  circ.iit  shown  in  Fig.  17b. 

Till  deieitor  is  driven  by  -i  groundi’cl  base*  transistor  amplifit'r  with 
a  s  1  ngl e  • ' unc’cl  i  cilleitor  <  in  nil  Measurc*meiits  sh'iwc*cl  the  transistor 
I  urreni  g.Jin  U>  hr  very  i  lose  lo  unily  over  the  Irequem  \  range*  ol 

H*1 


inlcrest.  Therefore,  the  input  current  to  the  tuned  circuit  and  detector 

is  approximately  equal  to  the  transistor  emitter  curren*.  The  input 

current  I.  i*  calculated  from  a  measurement  of  tne  input  voltage 
in 

V  to  the  transistor  circuit,  A  resistor  approximately  ten  times 
in 

the  transistor  emitter  resistance  is  connected  in  series  with  the 
emitter  to  prevent  the  uncertainty  in  the  value  of  emitter  resistance 
from  affecting  the  accuracy  of  calculated  values  of  1,^^  .  A  shunt 
resistor  at  the  input  of  the  circuit  provides  proper  termination  for  a 
91  ohm 'coaxial  cable  from  the  signal  generator.  The  transistor  is 
biased  with  2  ma  DC  to  permit  imasurements  with  peak  input  cur¬ 
rent  1  as  large  as  1  ma  without  risk  of  non-linearity  in  the  transis- 
in 

tor.  The  collector  voltage  is  supplied  through  a  choke  having  a  high 
impedance  at  the  measurement  frequency.  The  value  of  the  tuned - 
circuit  capacitance  C.  is  chosen  to  give  the  desired  detector  input 
voltage  waveform.  A  large  value  ot  is  used  when  a  sinusoidal 

detector  input  voltage  is  desired,  and  a  smaller  value  is  useil  when  a 
flattened  waveform  is  desired.  The  tuned -circuit  inductanci*  L.^  is 
.id justed  for  resonance  at  the  desired  signal  frequency.  The  effective 

resistance  R.  shunting  the  tuned  i  iriuit  (not  including  the  loading 

A 

due  to  the  dete<  for)  is  the  actual  resistant  e  R'^  added  to  the  circuit 
in  parallel  with  the  loading  due  t«*  the  choke  and  coil  losses  and  the 
transistor  collector  resistance.  The  value  of  is  obtained  by 

substituting  a  resistor  t)f  kntiwn  value  for  the  deteitor  circuit,  and 
measuring  the  vtdtage  V  developed  across  the  parallel  combination 
of  the  known  resistance  and  R^  for  a  known  mpn*  lurrent  1,^  . 


Thf  detector  voltage  efficiency  ^  ,  input  resistance  , 
and  input  capacitance  are  measured  using  no  added  shunt  rests 

tance  and  a  value  of  large  enough  to  ensure  a  sinusoidal  detector 

input  voltage'.  {This  can  be  verified  in  the  same  way  as  for  the  Q 
Meter  measurements. )  The  detector  input  voltage  V  is  measured 
with  a  calibrated  high -impedance  detet  toi  T/ie  high-impedanc  e 
de»ector  is  used  in  obtaining  the  value  of  ,  so  no  addiMonal  for- 
ret  lion  is  made  for  its  inpui  resistam  e  The  detector  voltage 
efficient  y  is 


and  the  input  resistance  is  found  from  the  expression 


V 

r 

in 


R.  R 

A  in 

rrrvr- 

A  in 


The  approximate  deie«tur  inpu*  tapa-  i*ai.te  is  ub»ained  hv  noting 

'he  t  hange  <lf  .n  Ihe  restiiianl  fre^ueni  y  I  of  the  Tum-d  >  in  ui*  when 
a  resistor  having  a  known  shun'  ■  lUa*  I'am  e  C  i:.  subsii'uled  tor 
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Current  elfi.  leiu  \  IS  measured  lor  ins  'fesin'd  \alues  ol 
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Aoci.rate  values  of  detector  input  resistance  R.  can  be  obtained 

in 

only  when  the  shunt  circuit  resistance  is  of  the  same  order  of 

magnitude  or  larger.  Since  maximum  attainable  values  of  R^  are  of 

the  order  10  K  ohms ,  high-impedance  detectors  are  not  measured  using 

the  transistor  circuit.  The  accuracy  of  values  of  R^^  obtained  for 

pulse  detectors  is  estimated  to  be  i  10  percent.  Because  of  the  large 

value  of  tuned -circuit  capacitance  required  to  produce  a  sinusoidal 

detector  input  voltage  at  low  frequency,  the  detector  input  capacitance 

C.^  can  be  measured  only  at  frequencies  above  30  Meps .  The  accuracy 

of  these  values  of  C.  is  estimated  to  be  i:0.2  uuf.  Measured  values 

in 

of  voltage  efficiency  e^  and  current  efficiency  e.  are  accurate  to 
about  ±  percent. 

2  .  Measurement  of  Diode  Parameters 

Measurements  were  made  of  the  static  characteristics,  charge- 
storage  effects,  and  barrier  capacitance  of  an  S570G  germanium  diode 
and  an  FOlOO  silicon  diode.  The  parameters  used  for  calculating 
detector -circuit  performance  on  the  basis  of  the  detector -design  theory 
presented  in  Section  III  are  obtained  from  these  measurements  in 
Sections  IV -3  a.uo  lV-4. 

The  static  characteristu  s  ol  the  diodes  were  measured  with 
DC  instruments.  The  forward  <.  liaracter ist ics  are  shown  in  Fig.  lb 
The  use  of  a  logarithmu  scale  for  current  makes  possible  the  detailed 
display  of  Ihe  high-  and  low-current  portions  of  the  characteristics  on 
.1  single  graph.  The  approa<  h  of  the  curves  to  straight  l.nes  at  low 
currenlh  indicates  that  the  static  t  hara<  tenstu  e  are  approximately 
exponential  in  this  region.  Tli**  reviTse  diode  «  h.a racter istics  are 
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CU»*«£NT  (mo) 


Fig.  18.  Mccnurad  forward 
diodt  charoctaristics  and  os- 
tumod  choraclorittics  utod 
(or  circuit  calculationi. 


Fig.  ’9.  Measured  reverse  dicde  cSafocteristics  and  assumed  "hnracterijtics  used 
for  high -impedance  detector  calculations. 


hM 


plotted  in  F:g.  19.  (Note  that  different  current  scales  are  used  for  the 
germanium  and  the  silicon  diodes. ) 

The  real  part  of  the  frequency  dependent  charge -storage  factor 
G(u)  defined  in  Section  111-3  is  obtained  from  measurements  of  detector 
input  resistance  as  a  function  of  signal  frequency.  The  detector  input 
voltage  is  held  constant,  resulting  in  a  constant  detector  output  voltage 
when  the  approximation  of  Equation  9  in  Section  111-3  is  valid.  The 
validity  of  this  assumption  is  verified  by  measuring  the  detector  voltage 
efficiency  as  a  function  of  frequency.  The  value  of  G(w)  is  then  the 
ratio  of  the  low  frequency  input  resistance  to  the  input  resistance  at 
the  desired  frequency: 


U(w) 


*^in 

— — 


The  detector  voltage  efficiency  was  measured  as  a  function  of 
frequency  for  all  load  resistances  and  input  voltages  for  which  th't 
detector  input  resistance  aas  measured.  Tho  measured  voltage  e|. 
ficiency  of  the  pulse -detertnr  circuits  is  plotted  as  a  func  ion  of  f'^e- 
quency  in  Fig.  20.  The  voltage  efficiency  decreases  less  than  S  percent 
with  increasing  frequency  from  1  to  100  Meps,  exce|,t  at  low  input 
voltage  where  the  decrease  is  as  large  as  12  percent  for  the  FDIOO 
diode.  The  measured  voltage  efficiency  of  the  high-inipedance  de- 
tectors,  (not  shown),  was  constant  with  frequency  to  within  the  mea¬ 
surement  accuracy. 

It  IS  convenifiit  to  assume  that  G(w)  u  independent  of  signal 
level  an.'  elector  load  resistant  e.  in  order  to  determine  the  range 
of  validity  of  this  assumption,  lueasurenients  were  made  on  bo'.h 
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Fig.  20.  Mtomrad  vottag*  •fficitncy  m  o  function  of 
froquoney  for  lovoial  circuit  conditiom. 


Fig.  21 .  Meoiured  input  resittonce  at  a  function  of 
froquency  for  detectors  using  on  S570G  diode. 
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high  •impedance  and  pulse  detectors.  Measurements  of  the  input  re¬ 
sistance  of  several  S570G  germanium  diode  detectors  were  made  at 
frequencies  from  O.S  to  100  Meps.  A  pulse  detector  with  a  load  re¬ 
sistance  of  2  K  ohms  and  a  large  load  capacitance  (0.001  pf)  was 
measured  with  input  voltages  of  0.15,  0.4,  and  1.0  volts  peak,  using 
the  transistor  circuit  described  in  Section  IV-1.,  A  high -impedance 
detector  with  an  infinite  load  resistance  and  a  0.001  pf  load  capacitance 
was  measured  with  an  input  voltage  of  3.5  volts  peak,  using  the  Q 
Meters.  Al  very  low  input  voltages,  the  detector  voltage  efficiency 
approaches  sero,  and  the  input  resistance  approaches  the  small - 
signal  resistance  of  the  diode  (with  no  bias).  This  small -signal  diode 
resistance  was  measured  using  the  admittance  bridge. 

The  input  resistance  values  obtained  from  the  S570G  diode 
measurements  are  plotted  as  functions  of  frequency  in  Fig.  21.  A 
lugariihtiiic  scale  of  input  resistance  allows  visual  comparison  of  the 
values  of  G(w)  that  can  be  obtained  from  each  curve.  Curves  separated 
by  a  constant  vertical  distance  yield  identical  values  of  G(w)  .  Eiach 
c'urve  reaches  its  low-frequency  value  (G(w)  -  1)  at  a  frequency  higher 
than  0.  5  Meps ., 

The  curvea  of  input  resistance  for  the  pulse  detectors  are  nearly 
parallel,  irdicating  that  a  single  G(u>)  tumtiun  can  be  used  fur  pulse- 
detector  performante  calculations  over  a  substantial  range  of  signal 
levels.  The  input  resistant  e  oJ  the  high  impedance  detector  decreases 
more  rapidly  with  frequent  y  ,  and  larger  v.tlues  of  r.(u.)  are  therefore 
used  for  high-impedam  ••  detet  tor  taltuUUoiis  than  for  pulse -detector 
I  alt  elatioiis . 


u| 


The  tnput*re*istance  measurements  made  using  the  FUlOO  diode 
are  shown  in  Fig.  22.  The  pulse -detector  measurements  were  made 
with  input  voltages  of  0.6,  1.0,  and  1.5  volts.  The  cu.-ves  are  nearly 
parallel  fer  this  diode  also  The  nmall -signal  resistance,  measured 
using  the  admittance  br'Jge,  is  shown  by  a  broken  line.  The  measure¬ 
ment  error  of  the  admittance  bridge  for  the  high  resistances  presented 
by  this  diode  may  be  considerable,  and  the  curve  is  presented  only  to 
indicate  its  approximate  position.  The  high -impedance  detei  lor  was 
measured  with  au  input  voltage  of  3.5  vo'ts,  using  the  Q  Meters.  The 
decrease  of  input  resistance  with  trequeacy  for  this  detector  is  very 
pronounced.  The  low-frequency  value  of  the  input  resistance  is  beyond 
the  range  of  the  Q  Meter  measui  emeiits 

The  diode  barrier  capacitam  e  is  obtained  from  measure  • 

menta  of  the  diode  capacitance  with  reverse  bias.  Since  the  ditfu^iun 
capacitance  and  bulk  inductive  effect  are  negligible  with  reverse  bias 
the  measured  capacitance  is  equal  to  the  barrier  capacitance  The 
barrier  capacitances  of  ‘he  S570G  and  FOlOO  were  measured  wuh  the 
admittance  bridge  at  30  Meps  with  bai  k  biases  varying  from  0.1  tu  3,0 
volts  Values  of  barrier  capacitam  «*  of  approximately  0  o  pul  tor  'he 
S570G  diode  and  0.8  pu^  ^ttr  the  FDIOO  were  obtained  m  this  voltage 
rai  e.  The  variation  of  the  barrier  <  apai  I'ance  with  reverse  vc,!tag«' 
in  this  range  is  too  small  to  be  determined  "-.ih  any  a- curacy. 

The  imaginary  part  of  the  il'.ari;<’  storage  factor  B'w)  defined 
Ml  Se<  tiori  Hi -3  i  Mulci  not  tie  ohiained  from  the  measurements  For 
'h<'  rt‘r.suiis  dist  ussed  in  Sec  turn  !V  I  the  input  i  .ipai  ilam  e  ot  the 
pulse  dftei  tors  was  me.isurcd  using  the-  transistor  ■  iri  iiit  only  at  Ire 
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Fig.  22.  Mtosured  input  rvtistonce  os  a  function  of 
froquoncy  for  dotecton  uiing  FD1X  diod«. 
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quencies  of  30  Mcp*  and  higher.  These  measurem'’nta  are  presented 
in  Section  IV >4.  Due  to  the  inductive  effect  of  the  diode  bulk  impedance 
discussed  in  Section  lI!-3  the  capacitance  of  the  diode  J  anctiun  Cj  , 
and  therefore  the  capacitance  resulting  from  t.h»  diffusion  current,  can 
not  be  determined  from  these  measurements. 

The  input  capacitances  of  the  hsgh-impedance  detectors  were 
measured  using  the  t)  Meters,  and  are  plotted  .n  Figs.  23  and  24  as 
functions  of  frequency  for  the  8^70G  and  FDIOO  diodes  respectively. 

The  input  cspaci4.ance  of  each  detector  is  a  few  Lenths  of  a  micro- 
microfarad  larger  than  the  measured  diode  barrier  capaiitance.  This 
increase  of  the  input  capauitan.e  over  ‘.he  burner  caparitan.e  is  at¬ 
tributed  to  the  cap/icitive  component  of  the  diffusion  current  rrossing 
the  Junction.  This  capacitance  decreases  with  increasing  frequency, 
in  agreement  with  the  theorv  of  5  '  fon  111-3  .  The  effect  of  *he  diode 
bulk  impedance  is  not  significant  in  high  impedance  detectors  Since 
(he  cliange*  ui  c«|m!. i...«nce  ar.''  cf  th«  same  mi.giiitude  as  the  accuracy 
of  the  capacitance  measurements,  no  attempt  '••«*  made  to  evaUute 
B(w)  for  the  high- impedance  de(e«tor».  The  sm«ll  -ictgnal  dic^de 
capacitances,  measured  wjth  th-*  lomittan  c  bridge,  ar»-  also  plotted 
in  Pigs.  23  and  24.  Comparison  of  the  small  -  gnai  dic'd*'  ■  apacitance 
with  the  high-imp-dance  de'e  to*'  inpu!  taps  I'lnic*  measured  with  an 
input  voltage  of  3,4  vo,*s  gives  gcH>d  agr*"  :n"n' Fhi*  incfuates  that 
the  change  of  the  input  '.apai  I'aiu  *•  *1  *hi  high  impedan  c  (Jc*e<  tors 
with  signal  level  is  small  (S*  e  S**»  tu  n  IV  ^ 
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Fig.  23.  Mtoiurad  input  cepocitone*  a*  o  function  of 
iVoquoney  for  o  high-impodonco  dotoctor  using  on 
SS^diodo. 


Fig.  24.  Mtoiurod  input  copocitonco  os  o  function  of  froqutncy 
for  o  high'impodonco  dotoctor  using  on  FDIOO  diodo. 


High-lmpeda.icc  Detector ii 

Calculation!  have  been  made  of  the  performance  of  high* 
impedance  detector  circuit!  uMing  the  S^70C  and  FDIOO  diode*  and 
having  input  voltage!  of  the  order  of  1  volt  peak.  The  value*  of. the 
-diode  parameter*  uaed  fur  the  calculation*  are  obtained  from  the 
measurement*  reported  in  the  preceding  aectiun  a*  follow*:  The 
value*  of  diode  reverae •saturation  current  Ij^  and  rcver*e  resistance 
R„  are  obtained  from  the  plot*  of  the  measured  diode  rcver*»  rh*rac  * 
teristic*  in  Fig.  19>  The  diode  reverse,  resistance  i*  the  slope  of  a 
straight  line  that  approximates  the  diode  revi>rse  c haracter iAtii  fur 
reverse  voltages  larger  tlian  approximately  1  volt.  The  reverse 
saturation  current  is  the  intercept  on  the  current  axis  of  this  linear 
approximation.  The  exponential  con*«anf*  c  are  chosen  so  »hat  the 
assumed  diode  characteristics  .  having  the  form  given  m  Section  Jll'2. 
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are  good  approximations  to  the  measured  forward  •  ha raciensti*  s 
plotted  in  Fig.  18,  >n  the  low-nirrent  range  Values  ui  •  were  cal* 
t  iilated  that  allow  ih*'  assumed  and  measurnl  » hara' terisM"  s  *i*  coin* 
ride  far  value*  of  forward  c  <rren»  of  S  g.imp.  The  assumed  sfa»i. 

I  haracteristicN  are  plotted  as  dashed  lines  in  Figs.  IHand  IP.  The 
values  of  the  corresponding  slutit  parameters  are  given  in  Table  |. 

The  rc'al  part  of  llo*  *  Im  rge  •t«torag*'  factor  C3{w)  for  ihr  Sf>70O 
diode  is  obiained  from  (be  input  resistance  of  the  high  impedance  de* 
tcMior,  measured  with  an  mpul  voltage  of  1  *»  volts  peak,  plotted  in 

9f» 


Fig.  21.  Since  the  low-frequency  value  of  input  resistance  of  the 
FCIAO  diode  could  not  be  measured,  the  30  Mcps  value  of  G(w)  is 
chosen  to  give  agreement  between  the  measured  and  calculated  input 
resistance  at  1.1  volts.  The  100  Mcps  value  of  G(u)  is  obtained  by 
multiplying  the  30  Mcps  value  by  the  ratio  of  the  measured  input  re¬ 
sistances  at  30  and  IwU  Mcps.  (See  Pig.  22.)  The  values  used  in  the 
calculations  at  30  and  100  Mcps  are  given  in  Tabic  1. 


Table  1 


Diode  Parameters  for  High-lmpedanc 


c  Detector  Calculations 


Diode 

ir 

G(i-) 

( 

(in  meg  ohms) 

(in  pamp) 

(in  volts) 

30  Mcps 

too  Mcps  : 

S570G 

5 

O.b 

0.047B 

4.46 

117  1 

1 

FDIOO 

1250 

0.004 

0.0477 

1 

I 

1 

o 

_ 1 

4480 

Usinj  the  method  described  in  Sections  111-2  and  111-3,  and  the 
diude  paranuters  }>iven  in  Tahh*  1,  the  voltage  efficiency  and  input 
resistance  were  calculated  as  functions  of  input  voltage  from  0  I  to 
5.0  volts  peak  for  high-impedatu e  detectors  with  S570G  and  PDIOO 
diodes,  infinite  load  resislain  e  and  larth-  load  c«pacitan<  e  (0.001  pt) 
at  frequencies  of  30  Mcps  and  100  Mips,  The  results  ot  the  calculations 
are  shown  as  broken  lines  in  Figs,  2S  through  28.  The  voltage  efficiency 
input  resistance-'  and  input  c apa<  it.tiii  e  of  detector  circuits  having  the 
parameters  used  in  the  calculations  were  nii-asurc-d  and  the  rc*sults 
are  plotti-d  in  Figs.,  2S  through  JO.  The  Q  Meter  was  used  lor  mc-as.'re- 
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Pig.  2S.  Mwiuftd  onrf  colewlotad  voIIom  •Iflettney 
M  0  function  of  voINim  for  o  hlgh'iiKpodonco 
dotoctor  using  on  S570G  dlooo. 


Fig.  26.  Moosured  ond  cc.lculoted  input  resistance  «  o 
function  of  input  voltage  for  a  hi^-impedonce  detector 
using  on  S5^}G  diode. 


'»K 


Fip.  27.  MMHirtcl  and  cotcukdod  voltog*  afFicianey  at 
a  function  of  infMd  voltago  for  o  high-impodwict  dotoctor 
utii^on  FDfOOdtodo. 


Fig.  28.  M*)a«urod  and  calculotod  ii'^t  rosisHmco 
o$  a  function  of  input  voltoge  for  o  hi^-impodonco 
detector  wing  on  FDiOO  diode. 


ng.  29.  Mtmwd  input  eapocil.ane«  m  o  function  of 
input  voilOM  for  o  higlfimpodonco  dotoetor  uting  on 
S^diodo. 
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30.  Mcoiurod  input  copocitonet  at  o  function  of 
Hit  voitogo  for  o  high-impodonco  dotoetor  tolng  on 
iOOdiodo. 


meets  at  ii^iut  voltages  from  0. 75  to  S  volts .  The  ailmittaiice  bridge 
was  •  >r  measurements  at  il^>ut  voltages  below  this  range. 

The  measured  and  calculated  values  of  voltage  efficiency  agree 
to  erithin  10  preset  for  iiqiHit  voltages  from  0.2  to  4.0  volts  for  the 
85700  diode  and  from  0.7  to  4'.0  volts  for  the  FOlOO  diode.  The  dis> 
agreement  betwaen  the  measured  and  calculated  values  at  lower  signal 
levels  is  attributed  to  eapenmcntal  error  and  to  the  failure  of  the 
assumed  diode  static  characteristics  to  closely  approximate  the  actual 
characteristics  over  a  wide  range  of  signal  levels.  Note  that  the 
voltage  efficiency  points  measured  at  both  SO  Meps  and  100  Meps  fall 
along  a  single  curve  for  each  diode. 

The  variation  with  input  voltage  ul  the  measured  input  resistance 
is  considerably  less  than  the  calculated  variation.  This  is  attributable 
at  least  in  part  to  the  variation  of  the  real  part  of  the  c  harge 'Storage 
factor  0(w)  with  signal  level  in  high>impedanc«  detectors.  Fig.  21 
shows  that  the  values  uf  Qfw)  for  the  S570G  diode  at  S.5  volts  are 
ai^roximately  twice  the  values  of  Gfw)  for  small  signals.  The  approxi* 
mate  curves  in  Fi].  22  indicate  a  larger  variation  for  the  FOlOO  diode. 
The  discrepancy  between  the  measured  and  calculated  values  of  input 
resistance  at  30  and  100  Meps  less  than  a  50  percent  for  input  voltage 
from  0.4  *o  2.5  for  the  S570C  diode  and  from  1.0  to  4.0  for  the  FOlOO 
diode.  Larger  discrepancies  occur  outside  these  voltage  ranges. 

The  variation  uf  input  c  apai  iiance  with  input  voltage  is  shown  in 
Figs.  29  and  30  for  the  high 'imped  a  ni  e  d* 'ecturs  using  the  S^'OCt  and 
PD  100  diodes  respectively  For  eat  h  dete<  tor  the  input  capac^  itance  is 
nearly  the  same  at  30  and  100  M>  pc>  The  inpu*  .apacitance  of  the  de* 


tectors  iacrMtict  ilightly  with  *  change  of  voltage  from  0. 1  to  S 
volta  peak.  The  major  portion  of  the  iiq^t  capacitance  ia  due  to  the 
diode  barrier  ci^^citance  which  remaina  nearly  constant  with  frequency 
and  input  voltage  in  the  range  of  these  nneasurements The  slight 
increase  of  the  ii^ut  capacitance  at  high  input  voltage  ia  attributed  to 
the  diode  diffusion  capacitance  which  increases  at  higher  input  signal 
levels  as  discussed  in  Section  UI>3. 

4.  Pulse  Detectors 

Calculations  have  been  made  of  the  performance  of  pulse 'deter  tor 
circuit*  using  the  84700  and  POlOO  diodes  with  peak  input  currents  of 
the  order  of  i  ma  peak.  The  reaulUng  diode  currrn*  pulses  have  an 
average  v«lue  t^  of  the  order  of  0.4  ma  and  peak  values  perhaps  ten 
times  the  average  value.  The  assumed  static  characteristics  used  for 
the  calculations  of  pu'se  detector  performance  are  chosen  to  approni* 
mate  the  measured  characteristics  over  the  range  of  diode  forward 
currents  from  0. 1  to  10  ma..  It  is  aesumed  that  this  current  range 
includes  the  portion  ot  the  statu  characteristic  where  most  of  *he 
diode  current  flow  takes  place.  Since  the  .averse  diode  i  urrent  i* 
small  compared  with  the  average  diode  current,  the  assumed  reverse 
characteristic  need  nnl  closely  appruximaie  the  measured  characteristic, 
providing  the  assumtid  reverse  cuireiU  ts  also  shmH  compared  with 
the  average  diode  current.  An  infinite  value  ot  diode  reverse  resistance 
R|^  IS  assumed,  and  the  dtode<charaf teristu  is  of  the  form 
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For  values  of  c  much  larger  tH«n  un.ity,  the  second  term  in  the 
brackets  may  be  neglected.  Taking  the  logarithm  of  each  side  ol  the 
expression  then  yields 

log^i  =  (log^I^)  ♦  Vjj/C  , 

logj^i  »  OoiHo  \i>  ♦ 

The  assumea  characteristic  is  determined  by  drawing  a  straight  line 
on  a  semi  •logarithmic  plot  that  approximates  the  measured  characteris¬ 
tic  over  the  desired  range.  The  intercept  of  this  line  on  the  current 
axis  gives  the  value  ot  ,  and  the  slope  of  the  line  equals  1/2. 3  c  . 
(The  slope  is  the  change  in  current  in  decades  divided  by  the  correspond 
ing  change  in  voltage.)  The  exact  value  of  current  given  by  the  assumed 
characteristic  differs  from  that  given  by  the  linear  plot  only  at  small 
values  of  voltage. 

The  assumed  static  characteristics  for  the  SS70C  and  FDIOO 
diodes  used  ir.  the  pulse  detector  calculations  are  shown  as  broken 
lines  in  Fig.,  18.  I  or  the  S570G  diode  both  the  I  inrat  approximation 
and  the  exact  plot  are  shown.  The  resulting  v.i’ues  for  the  diode  static 
parameters  are  given  in  I'able  2. 

The  aa.tumed  values  fur  the  real  part  of  the  charge -storage 
fa-  tor  G(w)  are  obtained  from  the  ini-asureinents  of  pulse -detector 
input  rssistanre  as  a  function  of  frequency  that  are  shown  in  Figs.  21 
and  22  The  curve  fur  a  detei  tor  input  voltage*  of  1.0  volt  was  used  tor 
the  SS70G  diode,  and  the  curve  fur  a.u  input  voltage  of  1 . 5  volts  was 
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used  for  the  FOiOO.  The  values  of  G(b))  ussd  in  the  calculations  at 
30  Mcps  and  100  Heps  are  shown  in  Table  2. 


Table  i 

Diode  Parameters  for  Pulse  ^Detector  Calculations 


Diode 

c 

G(u.) 

(in  mal 

(in  volts) 

30  Mcps 

100  Mcps 

SS70G 

ggi 

1  10 

1.55 

FD100 

Bi 

0.0652 

- 

1.45 

2.60 

Using  the  method  described  in  Sections  III>2  and  111*3  and  the 
parameters  given  in  Tabic  2,  the  voltage  cffinency  and  input  resistance 
were  calculated  as  functions  of  inpu*  voltage  for  detectors  with  S^^OG 
and  FOiOO  diodes,  2  K  ohms  load  resistance  and  a  large  (0  001  (it) 
load  capacitance  at  frequencies  of  30  Mcps  and  100  Mcps  The  results 
of  these  calculations  are  shown  as  broken  t;nes  in  Figs.  3! ,  $2,  34, 

3^,  17.  38.  40  and  41.  The  voltage  effuiemv,  input  resistance  and 
input  capacitance  of  detectors  with  the  same  (  in  uit  paramecers  were 
measured  ’tsing  the  transistor  vircuil  method  described  in  Section  IV  •  I 
Ihe  results  are  plotted  in  Figs.  31  through  42. 

Comparison  of  the  calculated  and  measured  values  of  voltage 
effu  lent  V  shows  that  the  igrc*enien*  is  better  than  t  !0  pc-ri  eiii  ovi  r 
an  input  \oltuge  lange  from  0  2S  to  i.  8  volts  iv>r  ihe  70G  germanium 
diode  and  over  an  input  voltage  range  trom  O.bS  to  1,5  for  the  FOIOO 
silic  on  ciiode  The  c  ale  ulaled  v>iltage  eftic  i«  IK  y  at  both  10  and  100  Mcps 
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Fig.  31 .  Miwurtd  and  catculatad  voitos*  •fflclwtcv  «  a  function  of  Input  volt* 
Oft  ot  30  Mepi  for  pulM  dotocten  wring  on  S570G  dlodo. 


iNPclT  VOLTAGE  (•<>»•  paiik  I 

Fig.  32.  Motourod  and  colculotod  input  rotittonco  m  o  function  of  input 
voTtogo  at  30  Mcps  for  puiio  dotoctorr  using  on  SS70G  diodo. 


FIq.  33.  Miewura^  ii^t  Mpoeltono*  oi  e  function  of  input  veltago  at 
30  Mcftt  fur  pi^M  dttoctort  uting  on  SS70G  diodo.  A  ccdcuiotod  cwvo 
It  ihown  for  dm  dotoetor  Homing  o  ihort  lood  timo  contiont.  (Sot  toid) 


fig.  34.  Mmnurod  and  colculotod  voltogo  officioncy  ot  a  function  of  in* 
put  voltogo  at  100  Mcpt  for  o  pulio  dotoetor  using  on  S570G  diodo. 
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Fig.  35.  M^owirtd  and  ecd- 
cu'alod  bipwt  rtrittanea  os  o 
Amction  of  input  voiloga  at 
100  Matt  for  o  putat  dotte* 
lor  vtkng  on  S^OG  dfodt. 


tUMT  VOLTAOC 


Fig.  36.  Mnoaiiad  input  copocitanca  ot  a  fonction  of  input 
vdtago  ot  100  Mcps  for  o  pulw  dotocter  using  on  S570G 
diodo. 


INPU1  VOlUGC  UvlItpMt) 


Fig.  37.  /Aaosurod  and  vulculotod  voltogo  tfficienc)  os  a 
function  of  input  voitogo  at  !K)  Mcps  for  pulso  dotoctors 
using  on  FDiOO  diode. 
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INKir  VOLTAM 

FIgt  31.  Miwiwi  mmI  aalwilawd  iwIiiim  m  m 

fiMcHtR  4if  iNptft  vtifHM  9^  30  Mipt  fw  mIm  ilMMlon 
uiliit<nFDtfl04Mt. 


Fifl.  39.  Mwmfd  input  capaeiHmeu  m  o  funcHon  of  biput 
vcHtaM  ot  30  Mcp«  for  duIm  gtioclort  uiing  on  FOlOO  Moot. 
A  ^culetod  curvo  It  mwn  hr  tho  ^toetor  houbig  o  rfiorf 
leod  Hmo  comtant.  (Sm  textj 
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INPUT  VOLTMC  («•)•«••*( 


Fig.  41 .  M>oiur<d  and  eolmloiod  inf>ut 
rMittonca  «  o  fwnctlon  of  input  voii^ 
ot  100  Mcpi  for  0  pull*  dotoeler  uting  on 
FOiOOdiodo. 


Fig.  40.  Mtmiifad  and  colculoiad  volt- 
ago  ^fieion^  m  a  function  of  Input 
vMtoga  ot  100  for  o  pulw  doloc* 
ter  using  on  FD100  diode. 


o»  10  »e 


INPUT  VOlTMC  l.•IU•*•l>l 
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•  lOOOvii' 


Fig.  42.  Moosufod  ii^t  copocitanco  cn 
a  function  of  input  voltage  ot  100  Mem 
for  u  pulse  detector  utii^  on  FO100 
diode. 


lli'i 


iNf'tff  VOtTAtsI 


in  50  percent  higher  than  the  measured  value  at  an  input  voltage  of  0. 15 
volt  for  the  S570G  and  0.5  volt  for  the  FDIOO..  For  both  diodes,  the 
calculated  voltage  efficiency  is  higher  than  the  measured  value  at  high 
and  low  input  voltages,  and  lower  than  the  measured  value  at  inter¬ 
mediate  values  of  input  voltage.  This  is  attributed  to  the  fact  that  the 
assumed  static  characteristic  indicates  a  forward  current  larger  than 
the  measured  forward  current  at  high  and  low  current  and 

smaller  than  the  measured  forward  current  at  intermed'^te  current 
levels. 

The  calculated  and  measured  values  of  detector  input  resistance 
f.g^ot  to  within  a  15  percent  over  a  range  of  input  voltages  from  0.  3  to 
1,5  volts  for  the  S570G  diode,  and  a  range  of  input  voltages  from  U.8  to 
1.2  volts  for  the  FDIOO  diode.  At  lower  input  voltages  the  calculated 
input  resistance  is  substantially  low*  r  than  the  measured  v.ilue  for  the 
b570G  diode,  and  higher  for  the  FDIOO  diode  The  disc  repancy  >■  50 
percent  at  0.  15  volt  for  the  S570G  diode  at  30  Meps  .  and  90  percent  at 
0.5  volt  for  the  FDIOO  diode  «t  100  Meps..  The  differences  between 
the  measured  and  calculated  values  of  input  resistam  r  are  attributed 
largely  to  ihe  approximations  made  m  t|ie  assumed  static  characteristics, 
although  an  increase  in  the  c  barge  ■  storage  lai  tor  at  low  .signal  levels 
may  be  partially  responsible  for  the’  large-  dis.  repanc  lo  a*  low  input 
voltages 

The  detector  theory  ol  Section  111  •'  sl.ows  tha‘  th*  •  apacitan.o 
of  the  diode  junction  me  reases  wi»h  signal  Ic-vci  Howt  ver  ,  at  high 
curree.t  levels  such  as  arc-  Iciund  in  pulsv  ili-»<-,  torb  the-  inclu  'ive  coui- 
ponc-nt  of  the-  hulk  inipedaiic  i-  rc--.ul'>  in  «  ih-r.-itor  inpu*  lapa.itance 
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•nuilier  than  the  diode  junction  capacitance.  The  input  capacitance  of 
the  (well -bypassed)  detector  with  an  S570G  diode  decreases  somewhat 
with  increasing  level.  This  may  be  attributed  to  the  effect  of  the  in¬ 
ductive  component  of  the  bulk  impedance  being  sufficiently  pronounced 
at  high  levels  to  counteract  the  increase  of  the  diode  junction  capacitance 
The  input  capacitance  of  the  detector  with  an  FDIOO  diode  shous  a 
moderate  increase  with  increasing  input  voltage,  indicating  that  the 
effect  of  the  bulk  inductance  is  less  significant  in  the  FDIOO  than  in 
the  S570G. 

The  voltage  efficiency,  input  resistance  and  input  capacitance 
of  detectors  withSS70G  and  FDIOO  diodes,  2  Kohms  load  resistance 
and  a  33  ppf  load  capacitance  were  calculated  as  functions  of  input 
voltage  at  30  Mcps  using  the  method  described  in  Section  111-4.:  The 
previously  calculated  values  of  voltage  efficiency  and  input  resistance 
for  the  detectors  with  0.001  pf  load  capaciunc?  were  used  in  the 
calculations;  however,  the  measured  values  of  input  capacitance  for 
these  detectors  were  used  since  the  input  capacitance  of  these  detectors 
was  not  calculated.  The  results  of  the  calculations  are  shown  in  Figs. 

31,  32,  33,  37,  38  and  39.  The  corresponding  quantities  were  mea¬ 
sured  in  the  transistor  circuit  and  are  plotted  on  the  same  figures  tor 
comparison. 

The  measured  and  calculated  values  of  voltage  efficiency  and  in¬ 
put  resistance  fur  the  detectors  with  33  ppf  load  capacitance  agree  to 
within  the  same  accuracy  as  lor  the  detei  tors  with  large  load  capacitance 
The  calculated  values  of  input  lapacitance  are  larger  than  those  mea¬ 
sured  With  large  load  lapacitaiue,  the  increase  heing  greater  at  higher 
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tigiuil  levels .  The  measured  values  of  input  capacitance  also  show  thia 
increase.  The  measured  input  capacitance  of  the  SS70G  diode  detector 
increases  approximately  twice  as  much  as  the  calculated  value ,  the 
maximum  error  being  0.6  ppf.  The  agreement  between  the  calculated 
and  measured  values  of  input  capacitan’:e  for  the  POlOO  diode  detector 
is  better  than  a  0.  S  |tpf 

The  vol^ge  efficiency  and  input  resistance  of  an  S$70G  diode 
detector  with  0.001  pf  load  capacitance  and  an  input  voltage  of  1.0  volt 
were  calculated  for  load  resistances  varying  from  I  to  ICO  K  ohms 
using  the  diode  parameters  given  in  Table  ^  at  a  frequency  of  30  Meps. 
fne  results  are  plotted  in  Figs.  43  and  44  as  functions  of  load  resis¬ 
tance,  The  voltage  efficiency,  input  resistance  and  input  capacitance 
of  corresponding  detectors  were  measured  in  the  transistor  circuit. 

The  results  are  plotted  in  Figs.  43  through  4S.  The  calculated  and 
measured  values  of  voltage  efficiency  agree  to  within  a  10  percent. 

The  calculated  and  measured  values  of  input  resistance  agree  to  within 
a  IS  percent.  The  largest  discrepancies  for  both  voltage  efficiency 
and  input  resistance  occur  for  the  largest  values  of  detector  load  re¬ 
sistance.  The  input  capacitance  decreases  somewhat  wi^h  inc.reasing 
load  resistance.  Since  less  diode  current  flows  with  a  larger  load 
resistance,  the  capacitance  resulting  frut  i  the  diffusion  current. 

(and  therefore  the  input  capacitance),  is  smaller.  (See  Section  111-3.) 

5 .  Low-Q  Driving  Circ  uits 

In  Seci;'>n  lll-'i  u  i&  shown  that  the  current  efficiency  of  a 
detector  with  a  low -Q  dr  iviii)^  circuit  is  given  by 

lU 
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Ftf.  49.  Mimw4  mtd  c«icul«l«4  voltaM  dflcitncy  m  •  ^mcHan  «f 
bM  rwiilmM  for  doioctort  Min0  on  S570O  dlo4o  ono  bigo  barf  How 
comlonH. 
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Ftg.  44.  Mxm/rad  and  colculolod  (npu»  rttUlonca  oi  o  func> 
tion  of  lood  rotiitonca  for  dttaclort  uting  on  SS70G  diodo  ond 
having  largo  load  tbno  comtanti. 


I  r  s  10  »o  to  too 
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Fig.  45.  Mooturod  irmi  copocitonco  ot  o  function  of  lood  rotiilonct  for 
dotoctort  using  on  SS/OG  diodt  and  forgo  load  timo  conttonh. 
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where  e^  end  are  the  volt«|e  efficiency  end  input  reeietence  of 
the  detector  when  it  ie  driven  by  e  einueoidel  voltege  end  hee  the  seme 
output  voltege  V|^  •  The  peremeters  e  end  b  ere  functions  of  the 
flettening  of  the  detector  it4put  volUge  weveform..  Meesurements  were 
mede  to  cveluste  these  peremeters  under  veriety  of  conditions  es 
follows: 

At  eech  of  severel  frequencies.;  signel  levels  end  driving«circuit 
cepecitences  .  the  current  efficiency  e.  wes  meesured  in  the  tren* 
sistor  circuit  for  two  velues  of  driving -circuit  resisun-re  .  One 
measurement  wes  mede  with  no  shunt  resistance  added,  giving  e  value 
of  R^  of  the  order  of  10  Kohms.  The  second  meesuremen*  wes  mede 
with  e  2  K  ohm  resistor  added  across  the  tuned  circuit  At  rech  fre¬ 
quency  end  signel  level,  the  velues  of  e^,  end  R^^  were  relculsted 
from  meesurements  mede  using  e  (Urge)  value  of  such  that  the 
detector  input  voltage  wes  epproximatelv  sinusoidal  The  two  sets  of 
velues  of  e.  end  were  substituted  in  the  above  expression  and 
velues  of  e^  end  R^^^  were  lai.  uiated  assuming  values  of  unity  for 
e  end  b  .  The  resulting  values  of  e^  and  R^^  were  used,  along 

with  the  measurements  of  e  and  R  .  made  with  smaller  values  of 

1  A 

Cj^  ,  to  calculate  a  and  b  . 

The  detector  used  for  the  measurements  consisted  of  an  SS70G 
diode,  a  I  K  ohm  load  resistor  and  a  0  OCI  of  load  capacitor.  Signal 
frequencies  of  10,  30,-  and  hO  M<  ps  were  used,  with  tignal  levels  giving 
detector  output  voltages  ol  0.  '  ami  0.6  \ult»..  Values  of  driving 
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circuit  capacitance  C  ^  ranging  from  the  minimum  obtainable  value  of 
6  p|if  to  a  value  ao  large  that  the  detector  input  voltage  was  effectively 
■inuaoidal  were  used. 

In  Section  lU-S  it  ia  ahown  that,  under  conditiona  uaually  aatiafied 
in  practice ,  the  flattening  of  the  detector  input  voltage  waveform  la 
approxinMtely  inveraelv  proportional  to  >  tehere  u  la  the 

angular  aignal  frequency.  The  valuea  of  the  parameters  a  and  b  that 
were  obtained  from  meaaurementa  of  current  efficiency  are  plotted  an 
functiona  of  Figs.  46  and  47.  All  points  fell  within  a  16 

percent  uf  the  curves  that  are  shown.  Although  the  current  efficiency 
muasuramants  should  be  accurate  to  better  than  a 6  percent,  measure* 
ment  errors  increase  in  the  calculation  of  a  and  b  to  a  point  where 
the  accuracy  of  the  calculated  valuea  of  a  and  b  is  estimated  to  be 
a  15  percent. 

The  results  of  these  measurements  indicate  that  the  theory  for 
waveform  distortion  given  in  Section  Ill*6  la  valid  over  the  range  of  the 
measurements.  The  values  of  a  and  b  given  in  Figs.  46  and  47  may 
be  used  for  calculating  detector  current  eificiency 

6  Temperature  Variations 

Measurements  were  made  of  the  voltage  efficiency,  input  re¬ 
sistance,,  and  input  ««ipa<  ttan<e  ol  detector  iin  uits  as  functions  of 
temperature.  The  temperature  w»s  varied  from  10**  to  50^  C.  a  range 
considerably  greater  than  normal  room-tempvat'ir**  v^riation^  High- 
impedance  detectors  haMiiK  inlini'u  load  resistance  and  large  (0.001  pf) 
load  capacitance  and  pu  se  de'ec  *ors  having  i  K  ohir  '^d  resistance 
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Fi).  46.  VqIms  of  the  current  efficiency  porometer  a,  obtained  from 
meoMirementa,  plotted  versus 


Fig.  47.  Values  of  the  current  efiicion«.y  poromctor  b,  obtained  from 
meosurements,  plotted  versus  uR.  C.. 


and  large  (0.001  ^f)  load  capacitance  were  measured  uaing  SS70G  and 
FOlOO  dic'dea.  The  measurements  wete  made  at  30  Mcpa  on  the  Q 
Meter.  For  each  detector  the  input  voltage  was  heh  constant,  as  the 
temperature  was  varied,  at  a  level  at  which  accurate  Q  Meter  measure* 
ments  can  be  made.  An  input  voltage  of  3,^  volts  peak  was  used  for 
the  high -impedance  detectors.  The  input  voltages  for  the  pulse  detectors 
were  0.35  and  0.65  volts  peak  for  the  detectors  using  the  S570G  and 
FOlOO  diodes  respectively. 

The  m'  tsured  values  of  voltage  effmenev,  input  resistance 
and  input  capacitance  are  plotted  as  functuins  of  temperature  in  Figs. 

48  through  51.  The  measured  variation  of  the  voltage  efficiency  fur 
the  high-impedance  detectors  is  less  than  2  percent,,  and  is  therefore 
not  plotted.  The  curves  of  voltage  effii  leni  \  and  input  resistant  e 
shown  in  Figs.  48  through  50  were  taUulated  using  the  differential 
expressions,  derived  in  Section  lll-ti,  for  variations  of  tt  nipt-rature 
around  20”  C.  The  calculated  varicUon  of  voltage  effuientv  with  temper¬ 
ature  IS  linear, 


de^  tt  kT 

since  is  proportional  to  Vj  and  the  expression  in  ihe  j,-.ren*t  i  ses 
IS  also  approximately  pro|H>rlional  to  Vj  The  iaIi  uiated  input  tesis 
tame  vanes  exponentially  with  teriiper.«''ir«*: 
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Fig.  49.  Miomrtd  and  colculolod  inpot  rttittanca  oi  o 
function  of  tamfiorQloia  foi  pulw  dolocton  using  SS70G 
and  FDlOOdiodoi. 
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Fig.  SO.  Mxaufd  and  colculotod  input  ratiitonct  ot  o 
function  of  tomporolufo  for  high-impodonct  dotocton  uting 
SSTOGotdFOfMdiodot. 
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Fig.  51 .  Measured  input  capacitonce  os  a  function  of  temperature  for 
high-impedonce  and  pulse  detectors  using  SS70G  ortd  FOlOO  diodes. 
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The  calculnted  value  of  R.^  therefore  plots  linearally  with  temperature 
on  aemi -logarithmic  graph  paper  The  assumed  diode  parameters 
given  in  Tables  1  and  2  were  used  in  the  calculations  The  value  of 
temperature  coefficient  of  0.08  <degrees  C)  ^  suggested  by  Schaffner 
and  Shea^^  -a  used  for  both  the  germanium  and  the  silicon  diode 

The  measured  and  calculated  values  of  voltage  efficiency  and 
input  resistance  for  the  pulse  detector  circuits  agree  to  within  tS  percent. 
The  calculated  decrease  of  input  resistance  witi  temperature  is  con* 
siderablv  greater  than  the  measured  value  for  the  high -impedance 
detectors.  This  discrep.ancy  is  attributed  to  the  tact  that  the  input 
resistance  of  high  impedance  detectors  is  dependent  on  the  charge- 
storage  faclui  «vhich  is  not  constant  with  signal  level.;  The  calculated 
and  measured  variation  of  the  voltage  e(fu  lem  y  ot  (he  high  impedance 
detectors  with  temperature  from  10  »o  C  is  less  than  I  percent. 

The  input  capat  itan<  e  ol  the  detettor  (iriuiis  pluttid  in  Fig  *’1 
increases  with  tempi  .-ature  at  a  rale  ol  approximatelv  0.01  ppf  per 
degree  C  for  pulse  detectors,  and  0.002S  ppf  per  degree  C  for  'he 
I  igh-impedanc  /  detec  tors .  The*  discussion  in  Sec  lion  III  *6  indicates 
that  the  diode  diffusion  capacitanc'  itu  eases  with  temperature.  Srire 
the  barrier  capacitance  and  the  bulk  impedance  also  alfect  the  input 
capacitance  of  the  detcu  tor.s  fs-  e  Scm  lion  111-31  no  attempt  is  made* 
tocaUulale  thechanges  oi  inpu*  lapaci'.ance  \cith  U  mpi  rat  tire  . 
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Currerti  in  Pulse -Detector  Output  Circuif 

Measurem<‘nti  were  nnftdc  of  the  detector  voltage  efficiency 
and  input  resistance  as  functions  uf  input  voltage  with  a  bias  current 
Ig  flowing  into  the  del«ctor  load  circuit  The  measurements  were 
made  at  a  frequency  of  30  Mcps,  using  the  transistor  circuit.  The 
detector  consisted  of  anSS70G  diode,  a  i  K  ohm  load  resistance,,  and 
a  0.001  pf  load  capacitance.  Bias-currents  values  of  plus  and  minus 
0.05  ma  were  used. 

The  measured  voltage  efficiency  and  input  resistance  arc  plotted 
in  Figs.  52  and  53  respectively  for  the  two  bias -current  values,  along 
'cith  the  voltage  i>fficiency  and  input  resistance  measured  with  no  bias 
current  The  values  uf  voltage  offn  lenc  y  and  input  resistance  calculated 
using  the  methods  of  Section  111-7  are  slu^wn  by  broken  lines  The 
agreement  between  the  measured  and  calculated  values  is  good  except 
at  low  input  voltage  where  the  bias  current  causes  large  change*  m 
the  voltage  ettuiency  and  input  resistance  and  the  assumptions  made 
in  the  derivation  are  therfore  no*  valid. 


Fla.  52.  Mtowrod  and  colculotod  veitoia  afTiciancy  « 
a  function  of  input  veltaga  for  o  puliaditKlor  with 
Itivo  and  nogativo  bioi  euf.ontt.  A  curvo  waaiurad  with 
no  blot  currant  li  ihewn  for  comportion. 
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Fig.  53.  Mtowiod  and  coicuiotvd  input  raii»t> 
anc«  01  o  function  of  inp^it  uoltogt' m  o  pulia 
dtlactor  with  poiitiv*  and  nogotivt  bioi  cur* 
rtnh.  A  cuive  mtosured  with  no  bioi  currant 
is  shown  for  comparison. 


V.  Detector -Circuit  Pctmn 


I ,  Review 

The  principal  factors  that  affect  detector-circuit  operation  are 
discuB«ied  in  the  preceding  soctions.  The  detector  circuit  is  shown  in 
Fig.  1.  Basic  terms  and  symbols  are  defined  in  Section  1-2.  A  survey 
of  the  detector-circuit  design  literature  is  presented  in  Sections  II- 1 
and  II-2.  A  survey  of  semiconductor  theory  that  is  applicable  to  diodes 
and  diode  detectors  is  given  in  Sections  II-3i  II-4  and  II-5.  Neither  ^ 
the  detector-circuit  design  literature  nor  semiconductor  theory  yield 
results  that  are  directly  applicable  to  quantitative  design  of  semiconductor- 
rio.Je  detectors. 

A  detector-design  theory,  based  on  semicondui tor  theory,  is 
presented  in  Section  III,  It  «>ermits  the  calculation  of  detcctor-rircuit 
performance  on  the  basis  of  measurements  of  the  parameters  of  the 
diode.  The  basic  theory  of  Sections  1I!*2  and  llt-l  permits  the  calcu¬ 
lation  of  voltage  efficiency  and  input  resistance  of  detectors  driven  by 
sinusoidal  voltage  nources  and  having  load  time  constants 
compared  with  the  reriprotal  of  the  angular  stgn;il  frequency  |/u»  The 
detector  input  capacitance  is  discussed,  but  no  method  is  given  for  its 
calculation  in  most  cases  oi  interest. 

A  iiicthud  is  given  in  .Section  I1I-4  lor  calculating  voltage  efficiency, 
input  resistance  and  input  capacitance  for  detectors  having  short  load 
time  constants,  using  the  corresponding  values  of  these  quantities  for 
a  detector  with  a  large  load  capacitor.  The  distortion  of  the  detector 
input  vultagcr  waveform  resulting  when  the  detector  is  driven  by  a  low-Q 
lurneci  circuit,  and  the  effects  of  this  distortion  on  detector-c  1  rt  uU 
opiTralion  are  clisinssed  in.Seition  Ill-S  A  method  is  given  in  Section  III-6 
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for  calculating  the  change*  in  detector 'Circuit  pe  rformancc  resulting 
from  moderate  changes  in  ambient  temperature.  The  effects  of  AC  and 
DC  output  coupling  on  dctcctof'Circuit  performance  are  discussed  in 
Section  A  method  for  calculating  the  rise*  and  fall 'times  of 

pulse  detectors  driven  by  a  tuned  circuit  is  given  in  Section  III-8. 

Measurements  of  dctcctof'circuit  performance  are  presented 
in  Section  IV.  The  measurements  are  compared  with  calculated 
uclcklot  'ciicuit  perforiiiaiice  tu  establish  the  range  of  validity  of  the 
dclector-des.gn  theory.  The  methods  used  to  measure  diode  para* 
meters  and  detector'Circuit  performance  are  described  in  Section 
IV' 1.  The  measureinerits  from  which  the  diode  parameters  were 
obtained  are  presented  in  Section  IV'2.  The  methods  used  for  cal' 
culating  the  performance  of  high'itnpedance  and  pulse  detectors,  on 
the  basis  of  the  measured  diode  parameters  are  described  in  Sections 
IV'3  and  IV'4  res|)ectively.  Measurements  of  ihe  performance  of 
pulse  detectors  driven  from  luW'Q  tuned  circuits  are  reported  in 
Section  IV'5.  Curves  arc  given  that  permit  the  performance  ol  such 
circuits  to  be  estimated. 

In  the  following  sections  the  application  nf  the  theory  that  has 
been  ^iven  is  illustrated  by  the  design  of  sample  detector  circuits- 
Thc  practical  considerations  in  the  design  of  high 'impedance  detectors 
are  discussed  in  Section  V-J  Measurements  are  presented  on  two 
sample  high'impcdance  detectors.  The  practical  considerations  in  the 
design  of  pulse  detectors  arc  discussed  in  Section  V-.V  Four  sample 
pulse  detectors  are  designed,  and  me.asuremcnt8  of  their  performance 

Art’  Kiv'nti.  McAMtin’tiiiMtl*^  lliAi  Miitipitri'  IIm>  pnrfurtttani  •*  nf  MPvnMl 

typi's  m  Inith  high 'imjiedancc  and  pulse  delmtor  ctrcuits  are  presented 


in  Section  V-4.  The  selection  of  the  diode  types  used  in  the  sample  de¬ 
tectors  is  discussed. 

2.  High-lmpeciance  Detectors 

High -impedance  detectors  are  designed  to  have  high  voltage  ef¬ 
ficiency  and  high  input  resistance  over  a  wide  range  of  input  signal 
levels.  In  addition,  it  is  often  desirable  that  the  input  resistance  either 
remain  constant  with  varying  signal  level  and  temperature,  or  be  large 
enough  to  produce  a  negligible  change  in  loading  over  the  anticipated 
ranges  of  input  voltage  and  temperature.  A  small  value  of  input  capac¬ 
itance  is  often  required,  and  the  variation  of  input  capacitance  with  input 
voltage  and  temperature  should  be  small. 

'  A  large  load  capacitance  C|^,  having  a  low  reactance  at  the 
signal  frequency,  is  always  used  in  high -impedance  detectors  to  maxi¬ 
mize  the  voltage  efficiency  for  a  given  load  resistance  and  minimize  the 
input  capacitance.  A  large  load  resistance  is  normally  used  to 

produce  high  voltage  efficiency  and  input  resistance  The  voltage  ef¬ 
ficiency  and  input  resistance  increase  with  load  resistance  until  the 
limiting  value  determined  by  'he  diode  characteristics  and  the  voltage 
measuring  instrument  is  reached  MaMmum  load  resistance  results  in 
maximu.m  voltage  efficiency  and  input  resistance  for  any  given  d'ode. 
input  voltage  and  temperature.  A  lower  load  resistance  may  result  in 
lower  /oltagr  efficiency  and  in  a  smaller  input  resistance  that  varies 
less  with  input  voltage,  temperature,  and  diode  characteristics.  In 
most  practical  liigh-impcdance  detectors  the  diode  current  is  very  small 
(duc!  to  the  large  load  resistance*),  and  the  diffusion  capacitance  is  there¬ 
fore  small  compared  with  the  vaim  r  capacitance 
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detector  input  capacitance  ia  approximately  equal  to  the  diode  barrier 
capacitance,  and  does  not  vary  appreciably  with  input  voltage  and  tern* 
perature. 

The  performance  of  a  high  •impedance  detector  circuit  (particularly 
one  having  maximum  load  reaiatance)  is  largely  dependent  on  the  charac* 
teristics  of  the  diode.  Factors  that  affect  the  selection  of  diode  type  are 
as  follows: 

1 .  Low  forward  voltage  in  the  range  of  operating 
forward  diode  currents  (usually  of  the  order  of 
microamps.)  results  in  high  voltage  efficiency. 

2.  Low  diode  reverse  current  results  in  high  input 
resistance  and  high  voltage  efficiency. 

3.  Fast  switching  (i.e.,  low  charge  storage) 
results  in  high  input  resistance  at  high 
frequencies. 

4.  Low  diode  barrier  capacitance  results  in  low 
detector  input  capacitance. 

5.  The  maximum  reverse  voltage  rating  must  be 
larger  than  iwi.  e  the  largest  peak  input  voltage. 

Further  discussion  of  the  choice  of  diode  t>’pe  is  given  in  Section  V-4. 

Thu  measured  voltage  efficieri(;>  ,  input  resistance  and  input  ^ 

capacitance  ut  liigh 'impedance  detectors  with  iiiaxiinuni  load  resistance 

and  S570G  germanium  and  FDIOO  silicon  diodes  are  plotted  in  Figs.  25 

through  30  as  functions  of  input  voltage  The  voltage  efficiency  is 

greater  than  VO  percent  for  input  voltages  gre.iter  than  0.  7  volt  peak 

for  the  S570G  diode,  and  2.0  volts  peak  for  the  FDIOO  diode  For  > 

Hrttaller  input  vi.ltages  the  voltage  efficiency  is  lower  The  variation 
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of  th«;  voltage  efficiency  with  frequency  is  negligible.  The  input  re¬ 
sistance  varies  directly  with  input  voltage  and  inversely  with  signal 
frequency.  (Sec  also  Figs.  Z2  and  23.)  The  lowest  input  resistance 
is  obtained  at  low  input  voltages  where  the  input  resistance  approaches 
the  diode  small  -  signal  resistance,  pluacd  in  Figls..  22  and  23  as  a 
function  of  signal  frequency  for  the  SS70C  and  FDIOO  diodes  respectively. 
At  100  Meps  the  small -signal  resistances  cf  the  S570C  and  FDIOO  diodes 
are  approximately  10  K  ohms  and  25  Kohms  respectively. 

The  input  capacitance  of  the  high- impedance  detector  with  the 
S570G  diode  (Fig.  29}  is  nearly  constant  at  0.  75  ppf  with  varying  signal 
level.  The  input  capacitance  of  the  detector  with  the  FDIOO  diode 
tFig.  30)  increases  from  0.  7  ppf  to  1. 2  as  the  peak  input  voltage 
increases  from  0.  1  volt  to  5  volts. 

The  variations  of  the  detector-circuit  i-karameters  with  tempera¬ 
ture  can  be  calculated  using  the  results  given  in  Section  111-6.  Sample 
calculations  and  measurements  reported  in  Section  IV-b  show  that  the 
change  in  voltage  efficiency  of  a  high-impcdance  detector  using  either 
diode  is  negligible.  The  calculated  and  measured  changes  of  input 
resistance  with  temperature.  |or  .an  input  voltage  of  3.2  volts  peak, 
are  plotted  in  Fig.  50.  1  he  input  resistance  at  50 is  approximately 

70  percent  o  f  the  value  at  20”C.  The  the  oretiral  calculation  predicts 
a  decrease  of  approximately  50  pc>rcent  under  the  same  conditions  At 
low  input  voltages,  where  the  detector  input  resistance  approaches  the 
diode  small -signal  resislaiue  the  expression  for  the  variation  of  input 
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resitlance  with  lempi'rature  dcriv.'d  in  Section  111-6  is  approximately 
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jq- • —  .  (■mall  •ignal). 

Using  the  parameters  of  Section  IV>6,  the  decrease  of  input  resistance 
vrith  increasing  temperature  should  be  approximately  four  percent  per 
degree  C  for  both  diodes.  No  measurements  were  made  to  verify  this 
result  because  oi  the  limitations  of  admittance -bridge  accuracy  for 
measurements  of  this  type.  (See  Section  IV- 1. ) 

The  input  capacitance  of  the  high-impedance  detectors  plotted  in 
Fig.  51  increases  less  than  0.  1  ppf  as  the  temperature  increases  from 
20  to  50  degrees  C.  This  variation  is  discussed  in  Section  IV-6.; 

1.  Pulse  Detectors 

Some  considerations  that  aff«'rt  the  selection  of  pulse -detector 
circuit  components  are  as  follows: 

1.  A  large  load  resistance  gives  high  voltage 

efficiency  with  good  linearity  at  low  signal 
levels,  high  input  resistance  and  current 
efficiency.,  and  low  input  capacitance.  A 
small  load  resistance  produces  short  rise-  and  fall- 
times  and  facilitates  output  coupling  from  the  de¬ 
tector.- 

/.  A  targe  value  ol  load  capacitance  gives 

high  voltage  efficiencv  and  low  input  capacitanve. 

A  small  load  «  apai  itaiu  i  gives  short  rise-  and  fall- 
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current  efficiency  a«d  a  current  efficiency  that  is 
more  nearly  constant  with  signal  level.  A  small 
value  of  driving-circuit  resistance  produces 
more  nearly  constant  loading  on  the  (transistor) 
current  source 

•I.^A  small  driving •  circuit  capacitance  produces 

short  rise  -  and  fall -times  and  may  produce  higher 
current  efficiency.  A  large  value  of  results 

in  little  flattening  of  the  detector  input  voltage 
waveform,  and  hence  in  a  current  efficiency  that 
is  more  nearly  constant  with  signal  level. 

Desirable  qualities  fur  a  diode  that  is  used  in  a  pulse  detector 
and  their  influence  on  detector  performance  are  as  follows; 

1.  High  forward  current  at  the  diode  operating  voltage 
results  in  high  voltage  efficiency, 

2  Low  diode  capacitance  results  in  low  detector  input 
capacitance. 

3.  A  diode  with  iow  charge  storage  gives  high  detector 
input  resistance  at  high  frequenev,  and  hence  high 
current  efficiency  at  high  frequency 

4.  The  maximum  rever se •  voltage  rating  must  be  larger 
than  approximately  twu  «•  the  maximum  peak  detector 
input  voltage 

The  design  of  a  diode  retptires  some  comprom'ses  among  these  qualities 
A  particular  diode  niay  he  Niiperior  in  some  qualities  at  the  expense  of 
others  rhe  Meleciioti  «ii  u  diode  typi  fi'r  a  tletector  is  therefore  also  a 
compromise 
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The  procedure  fur  the  design  of  pulse-detector  circuits  will  be 
illustrated  by  the  design  of  four  sample  pulse  detectors.  The  specifi¬ 
cations  for  the  sample  detectors  are  given  in  Table  3  The  center 
frequency,  minimum  input  voltage  and  rise-time  are  normally  dictated 
by  the  system  requirements.  The  bias  current  is  determined  by  the 
transistor  circuit  to  which  the  detector  output  is  connected.  (It  may  be 
desirable,  under  certain  circumstances,  to  buck  out  the  bias  current, 
in  which  case  the  uncertainty  in  bias  current  would  have  to  be  considered. ) 
The  mlnimun*  possible  value  of  and  C^,  and  the  maximum 
possible  values  of  and  are  determined  by  the  residual  circuit 
capacitances  and  losses.  The  sample  detectors  and  their  driving  circuits 
are  designed  to  provide  maximum  current  efficiency  over  the  range  of 
input  currents  from  0.  I  to  1.0  ma  peak. 


la*)'.*,  3 


Specifications  for  S.unple  Pulse  Detectors 


Detector 

Number 

Center 
F  req. 

Rise- 

Time 

Min  Input  ^ 
Voltage 

Bias 

Current 

Min.  C 

Max.  R. 

A 

Min.  C. 

’f. 

(Meps) 

(psec) 

(volts  peak) 

(Ilia) 

(»v0 

(K  ohms) 

(hp» 

1 

IS 

0.  s 

0  1 

-!!  OS 

1 1  * 

..VI 

o 

iO 

0.  s 

0.  1 

-0.  OS 

S 

20 

(- 

JO 

0.  1 

0.  1 

-0.  OS 

s 

20 

6 

4 

100 

0.1 

0.  1 

-0  Ms 

s 

10 

6 

I'hi’' tors  art-  (l«-sigiu(t  as  loltows 
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1. 


The  mftx.mum  value  of  load  resistance  Rj^  that 
producob  a  detector  output  fur  an  input  voltage  of 
0.  1  volt  with  a  bias  current  if  -0.05  ma  is  isce 

V 

Section  III -7). 


R 


L  max 


0.  I 

O.ffS'm 


-  2  Kohms 


This  maximum  value  is  used  in  all  the  detectors  in 
order  to  produce  the  highest  possible  voltage  ef¬ 
ficiency.  input  resistance,  and  current  efficiency, 
and  to  minimize  the  detector  input  capacitance. 
(Additional  specifications  on  detector  linearity 
could  lead  to  a  requirement  for  a  smaller  value  of 
R^,  as  disi  ussed  in  Section  111-7.  ) 

2.  The  maximum  value  of  dn  ving-n  re  mt  resistance 

R  .  is  used  to  obtain  the  highest  possible  current 
A 

efficiency . 

i.  The  largest  value  of  load  capacitance  that  will 

give  the  desired  rise -time  is  used  in  order  *o  maximize 
the  voltage  efficiency  and  minimize  the  detector  in¬ 
put  capacitanie  (The  discussion  of  Section  III-4 
shows  that  there  is  no  advantage  in  increasing  Cj^ 
beyond  the  point  where  '*  tnuch  larger 

than  unity.  ) 

The  minimum  value  of  driving  circuit  capacitance 
is  used  to  permit  the  use  of  as  large  A  value  of 
Cij  .18  (xissible 
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4. 


When  K*  is  much  larger  than  R.  ,  the  rise -time  derived  in 

I  tl 

Section  III- 8  it  approximately 

=  2.  2  (Cj^  +  C^/h) 

Since  the  parameter  h  =  R^/2R^^  varies  with  signal  level,  the  rise- 
time  is  more  nearly  constant  with  signal  level  when  is  larg  and 

it  small.  (The  converse  it  also  true.  If  R.^  it  much  larger  than 
R^,  then  the  rise-time  is  more  nearly  constant  with  level  when  is 
large  and  is  small.) 


Table  4 

Desi^i^^aluesJfo^amjglie^^ulte^Detec^to^ 


Detector 

Number 

r 

(Kuhms) 

^-L 

(OH'l 

«A 

(K  ohms) 

"a 

(ppO 

||Kn^H 

1 

2 

llU) 

20 

b 

SS70G 

2 

1 

100 

20 

b 

SS«0G 

1 

1 

IS 

20 

h 

1 

> 

IS 

10 

t> 

SS70G  j 

Detign  values  <'f  Cj  an*  obtained  Irom  the  expression  lor  the  rise-time 
given  above.,  assuiiiing  a  noioinal  value  lor  the  paiaioeler  li  ol  unity  For 
delevtors  Numln'r  1  .md  2  (-j  108  npi,  and  tor  deteitors  Number  -i  and 

•4,  C.^  17  |ipt  I'o  In-'  on  tin  sail  >.ide.  \..lues  ol  100  upl  .ind  1  *>  upf  wete 

iisnti  I  he  intMpialitN  ol  lopiatO'ii  1  '  ni  Sevlion  ill -8  is  sai'.slied  in  both 
Ml  the  lall-Mme-  -rod  ris<-  lime-  -hoold  be'  inj'ial 
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Table  5 


CaictdatedJPcnrfoTmjUic^for^amgl^PtUe^D^cto^ 


Detector 

Number 

« 

V 

(percent) 

‘'in 

(K  ohms) 

^in 

(»q‘0 

*l 

(percent) 

% 

(psec) 

1 

— 

1.  SO 

1.  15 

66.  5 

0.446 

2 

BuH 

1.  36 

0.8U 

55.  1 

0.446 

3 

1.60 

1.  38 

55.8 

0.  101 

4 

63.9 

1.06 

0.85 

35.8 

0.089 

.  — _ 

The  deaign  values  for  the  sample  pulse  detectors  are  given  in 
Table  4,  Type  SS70C  germanium  diodes  were  used  because  they  combine 
fast  switching  and  '.ow  capacitance  with  moderately  high  forward  current 
and  adequate  back  voltage  ratings.  Further  comparison  ot  diode  types  it 
made  in  Section  V-4. 

The  performance  of  the  sample  pulse  detectors  was  calculated 
using  the  methods  of  Section  Ill,  and  ihe  diode  parameters  from  Table  2 
in  Section  IV*4.  (A  value  of  unity  is  assumed  tor  Gtwl  at  15>  Mept  )  The 
values  of  measured  with  the  detector  having  a  large  load  capacitance 
were  used  in  the  ralculation*.  A  load  bias  current  1^  ~  ^  was  assumed. 
The  detector  parameters  calculated  for  an  output  voltage  of  1.0  volt 
are  given  in  Table  S  The  values  of  voltage  efficiency.:  input  resistance 
and  input  capacitance  are  for  the  detector  alone,,  assuming  a  sinusoidal 
input  voltage.  The  current  efficiency  is  calculated  using  the  approximate 
parameter  values  from  Fig's.  4h  and  47.  The  riBe>time  m  calculated 
using  F.qualion  12  in  Sc*iiion  111-8  The  (all-linie  should  be  th«*  same. 


The  sample  pulse  detectors  were  built  ard  tested  using  the  trans- 
sistor  driving  circuit  described  in  Section  IV- 1.  The  tuned-cirruit  ir- 
ductances  were  adjusted  for  resonance  with  an  input  current  that  produced 
a  detector  output  voltage  of  0.  7  volt.  The  measured  current  efficiencies 
for  the  four  detectors  are  plotted  as  functions  of  peak  input  current  in 
Fig.  54.  The  calculated  current  efficiencies  for  a  detector  output  of 
1.0  volt  are  shown  as  solid  points  on  the  plot.  In  all  cases  the  agree¬ 
ment  between  the  calculated  and  measured  values  is  better  than  10  per¬ 
cent.  The  ..urreiit  efficiency  is  constant  to  within  *7  percent  fur  input 
currents  between  0.  2  and  1.-25  ma  peak.  Below  0.  2  ma.  the  current 
efficiency  decreases.  At  low  signal  levels  the  input  capacitance  de¬ 
creases  and  the  resonant  frequency  of  the  tuned  circuit  rises.-  This 
detuning  results  in  somewhat  lower  values  of  current  efficiency  for 
small  input  currents  than  would  be  obtained  if  the  circuit  were  tuned 
at  low  level.  The  reduction  of  current  efticiency  at  low  levels  's 
particularly  pronounced  in  detector  Number  I 

The  CW  passbands  of  the  detecti'rs  were  nieisured  at  three 
signal  levels,  as  follows'  The  detettor  output  voltage  is  held  constant ,- 
as  the  signal  fri-quency  i«i  varietl  (ly  adjusting  the  input  current  1  he 
bandwidth  is  taken  as  the  diftereme  between  the  trequencies  at  which 
the  nquired  input  current  is  i  dl>  above  the  minimum  input  lurient. 

Trie  center  frequeiu  y  is  defined  as  the  average  ol  the  i  db  Irequeiicics 
The  percentage  >.  hange  in  the  measured  iiuUer  Irequemy  is  plotted  .is  a 
function  of  input  current  tor  the  tour  .sample  detectors  in  !•  ig  s*',  with 
the  ce-nter  Ire-quenev  lor  I  iii.i  pe-ak  input  luri-i-nt  taken  as  the  reterenie 
rill-'  change's  in  eeiiti'r  tri'que'iu  >  are'  due''  to  llu'-  i  hange's  iii  input  capavi- 
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tane  e' ed  the'  eli'tei  tor-.. 


Fig.  54.  Maoiurtd  current  efficiency  r$  a  function  of 
input  current  for  the  Mmpie  pulie  detector*.  Colculoted 
volues  ore  shown  at  sotio  point*. 
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Fig.  65.  Change  of  tenter  frequency  o» 
a  function  of  ligrral  level  for  the  sample 
pulse  detector. 
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Fig.  56.  Bandwidth  os  a  function  of  sig” 
nol  level  for  the  samsrie  pulse  detector*. 


The  CW  bandwidths  ot  the  sample  detector  circuits  are  plotted 
as  functions  of  peak  input  current  in  Fig.  56.  The  bandwidths  increase 
with  increasing  input  current  due  to  the  decreases  in  detector  input  re¬ 
sistance.  (The  increase  of  input  capacitance  with  inpui  current  tends  to 
reduce  the  bandwidth,  but  this  effect  is  small  c(.  npared  with  Inu  effect 
of  the  decreasing  input  resistance. )  The  change  of  bandwidth  for  de¬ 
tectors  Number  1,  2  and  3  is  small  in  the  range  of  input  currents  from 
0.08  ma  to  1  ma  peak  because  the  change  in  input  reiistance  is  small. 

In  the  loo  Meps  detector  (Number  4)  the  input  resistance  is  lower  than 
in  the  lower  frequency  detectors,  and  input  currents  from  0.  08  ma  to  1 
ma  peak  produce  smaller  detector  input  voltages  than  in  the  other  de¬ 
tectors.  At  lower  input  voltage  the  variation  of  input  resistance  with 
input  vuluge  is  greater,  as  ^howil  in  Fig.  iS  resulting  in  a  larger 
variation  of  the  CW  bandwidth. 

It  should  be  noted  that  the  CW  bandwidth  can  not  be  used  to  calcu¬ 
late  the  detector  rise-time,  since  the  rise-tinic  *s  a  function  of  both  the 
detector  driving  cinuit  and  the  deieitor  load  circuit.  RF  rise-times  of 
of  0.  1  nsec  and  0,  S  nsec  require  RF  bandwidths  of  7  Meps  and  1,  4  M<'ps 
respectively.  Detuning  of  the  re.-unant  rirtuit  niav,-  however,  result  in 
the  passband  not  covering  the  requ.red  frequency  range  around  ihe  signal 
frequency.  I  his  ettect  is  inininu/i'd  if  the  iirciiit  is  tuned  when  the  input 
siKlial  level  IS  .'.eat  the  lowest  to  be  used,  since  changes  ill  venter  fic- 
quenc  y  w.th  me  reasing  signal  level  are  compensated  for  hy  the  inv  reusing 
nandwidtli.  (this  problem  van  not  lie  alleviated  by  me  rc-asing  the  tuned - 
V  ill  ml  (  apa<  itani  e  smi  «  the'  fW  bandy, 'iclth  is  redne  ed  bv  the  same 

proporcioii  as  is  the  variation  iii  (enter  treqneiH)  ) 

I  he  ri  M-  and  tall  -  tun  ot  the  sample  delev  lor  v  i  rv  nits  we  re 
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nneatured  using  an  RF  pulse  generator  as  a  signal  source.  The  de¬ 
tector  output  signal  was  observed  with  a  Tektronix  S45  osctllorrope  and 
53/54  C  preamplifier..  The  RF  filter  was  removed  from  the  detector 
output,  (see  Fig.  I7h)  and  the  detector  load  capacitance  reduced 
to  compensate  for  the  capacitance  presented  by  the  iscilloscopc  probe. 
The  measured  rise  time  of  the  input  pulse  was  0.06  pscc  The  com¬ 
bined  rise-time  of  the  oscilloscope  and  preamplifier  were  0.015  psec.. 
The  detector  rise -time  was  calculated  by  assuming  that  the  overall 
rise-time  is  the  square  root  of  the  sum  of  the  square  of  the  pulse  gener¬ 
ator,.  detector,  oscilloscope  and  preamp. ifier  rise-timrs.  Ihc  accuracy 
of  the  measurements  is  estimated  to  be  -*0.02  psec  The  rise-  and  fall- 
times  measured  with  a  detector  output  voltage  of  1  0  volt  are  given  in 
Table  6.  In  all  cases  the  agreement  with  the  calculated  values  is  within 
15  percent.  The  variation  of  the  rise-  and  fall-times  with  signal  level 
IS  less  than  a  10  percent  tor  detector  output  voltages  trom  U  05  volt  to 
1. 0  volt. 


Table  6 


Sample  Detec  tor  Rise  -  and  Fall  -  Times 
tMeasured  with  an  output  voltage  of  I  0  voli) 


Detector 

Rise  -  rune 

F.ill  -  Tune 

Numbc'r 

K  t 

t|*sec  ) 

1 

(1  Si 

0 

L 

0.  so 

0  SO 

J 

0  10 

0  10 

t 

1  tl  OK 

0  10 

i 


Oscilloscope  photographs  of  the  input  to  the  'ransistor  circuit  and 
the  output  from  the  sample  pulse  detector  are  shewu  in  Fig.  57.  The  phase 
of  the  RF  pulse  is  synchronised  with  the  video  pulse  ind  the  oscilloscope 
trace..  Figures  57a  and  b  show  the  input  RF  pulse  and  the  detector  output 
of  detectors  Number  1  and  2  respectively.  The  sweep  speed  is  0.  2  psec  per 
cm  and  the  vertical  sensitivity  is  0.  5  volt  per  cm  or  the  upper  trace  and 
0.  2  volt  per  cm  for  the  lower  trace  in  each  photograph.  The  RF  ripple  on 
the  15  Meps  detector  output  is  more  than  twice  that  on  the  iO  Meps  detector 
output,  as  expected.  (The  oscilloscope  respon«e  is  approximately  3  db 
down  at  30  Meps  and  therefore  the  indic.ated  30  Meps  ripple  is  smaller 
than  that  actually  present.)  The  RF'  input  pulse  and  the  output  of  detector 
Number  3  are  shown  in  Fig.  57c.  I'hc  sweep  speed  is  0.  I  psec  per  cm, 
and  the  vertical  sensitiviUcs  are  the  same  as  in  FTgs  57  a  and  b.  The 
shorter  rise*  and  fall*times  and  more  pronounced  RF'  ripple  as  compared 
with  detector  Number  2  are  evident.  F'lgure  57d  shows  the.  output  of  the 
100  Meps  detector  (Number  4).  The  sweep  speed  is  0.  I  psec  per  cm  and 
the  vertical  sensitivity  is  0.  5  volt  per  cm.,  F'lgures  57 e  and  f  show  the 
output  of  detector  Number  3  with  output  voltages  of  I  0  volt  and  0.  1  volt 
respectively.-  Th*-  sw  -ep  speed  is  0.,  I  psec  per  cm  and  the  vertical 
sensitivities  are  0.  5  volt  oer  cm  and  0.05  volt  per  cm  respectively.;  The 
constancy  of  the  rise-  and  tail-times  witii  signal  l<*ve)  is  evidcmt. 

Measurements  were  made  of  the  per'ormanve  of  the  sao^ple  de¬ 
tector  circuits  as  a  lunciiou  o!  tem|n  ratuic  Iriuii  iO  ut  *tO'*C.  i  he  vari¬ 
ations  .n  gain,  center  (rcMpiem  y  .uid  output  resistance  ot  the'  transistor 
c  n  uit  loaded  with  a  tixed  re«‘;,ior  were  nieasiircd  omt  this  temperature 
range'  atiu  touu.!  in  lie  ii>  gligthU  i  .  r.-.j.a r..  d  with  the  cariatiou..  res.iltiiig 
I  rom  the-  pulse  detectors.  rhe  carialioii  ot  .  orient  elluieniN  with 
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Fig.  57.  OicilloKopt  photogropiti  of  lompl*  puli*  dotoctor  wovtfonns.  doloc- 
tor  oulDut  puliM  and  Input  KF  pultot  for  dttoctart  Numbor  1 ,  2,  and  3  oro  shown  in 
(o),  (b),  and  (c)  roipoctivoly.  Tho  detoclor  output  pulio  of  dttoctor  Numbor  4  It 
iho^  in  (d).  Swoop  tpoodi  oro  0.2pioc  por  cm  in  (o)  and  (b),  ortd  0. 1  pioc  por  cm 
in  (c)  and  (d).  ^tput  pu'iot  from  dotoclor  Number  3  having  omplitudo  of  i  .0  volt 
and  O.i  volt  oro  shown  in  (o)  and  (f)  rospoctivoly,  with  o  swoop  tpood  of  0.)  psoc 
por  cm. 
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temperature  wae  measured  for  input  current  levels  of  0.  1  ma  and  1.0  ma 
peak.  Figure  58  shows  the  results  obtained  with  detector  Number  3.  The 
current  efficiency  is  constant  to  within  4  percent  for  1.0  ma  input  and  & 
percent  for  0.  1  nna  input.  The  variations  in  current  efficiency  calculated 
using  the  approximate  method  described  in  Sectic  i  in>6  are  shown  as 
broken  lines  in  Fig.  58.  The  agreement  is  within  5  percent  for  1.0  ma 
input  and  30  percent  for  0. 1  ma  input.  The  large  discrepancy  between  the 
calculated  and  measured  current  efficiency  for  0.  I  ma  input  is  attributed 
to  the  detuning  of  the  resonant  circuit  due  to  changes  of  the  detector  input 
capacitance.  At  low  input  current  the  detector  input  capacitance  decreases, 
causing  detuning  of  the  resonant  circuit  and  a  reduction  of  the  measured 
current  efficiency.  As  the  temperature  increases,  the  input  capacitance 
increases,  bringing  the  resonant  circuit  into  tune  again.  Similar  results 
were  obtained  for  the  other  detectors. 

The  CW  passtiands  of  the  sample  detectors  were  measured  as 
functions  of  temperature  with  mid-band  input  current  levels  of  1.0  and 
0.  I  ma  peak.  The  percentage  change  of  center  frequency  fur  a  mid¬ 
band  input  current  of  1.0  ma  is  plotted  as  a  function  of  temperature  in 
Fig.  59  with  the  center  frequency  at  lO'^C  taken  as  a  reference.  The 
center  frequency  decreases  approximately  0.  1  percent  per  degree  C 
increase  in  temperature  for  all  the  detectors.  This  decrease  is  in  good 
agreement  with  the  increase  of  input  capacitance  with  temperature  shown  in 
Fig.  51.;  Similar  results  .ire  m, tamed  with  an  input  current  of  0.;  1  ma 
peak.  The  CW  bandwidths  of  the  sample  detector  circuits  increase  some¬ 
what  with  increasing  temperature  due  to  the  decrease  of  detector  input 
resistance.  In  all  cases,  the  measured  change  is  less  than  20  percent  over 
the  range  of  temperature  venations.  1  he  rtec  rease  in  detector  input  it  - 
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Fig.  58.  Mtaiur«d  and  colculattd  currant  •ffictancy  cn 
a  function  of  tomporaturafor  lompla  puliodataclor  Num- 
bar  3  ot  two  ignol  lavalt. 


Fig.  59.  Meosiited  (.inifige  of  cental  frarfjency 
as  a  function  of  temperorure  for  the  sample  pulse 
detectors  with  1 .0  mo  input  current. 
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siHiance  over  »,hi«  temperature  range  is  of  the  order  of  30  percent,  and 
the  increase  in  tuned  circuit  capacitance  due  to  the  increasing  detector 
input  capacitance  is  approximately  10  percent.  The  change  in  bandwidlh 
resulting  from  these  changes  is  in  good  agreement  with  the  measured 
bandwidth  variations. 

The  rise-  and  fall-times  of  the  sample  detectors  were  measured 
as  functions  of  temperature.  No  measurable  variation  was  observed  in 
any  of  the  sample  detectors  over  the  temperature  range  from  10  to  50° 
C. 


4.  Diode  Types 

Measurements  were  made  to  compare  the  performance  of  several 
diode  types  in  both  high -impedance  and  pulse  detectors.  At  least  three 
samples  of  each  diode  type  were  measured  in  order  to  obtain  estimates 
of  variations  of  the  measured  parameters  from  diode  to  diode.  The  diode 
types  used  in  the  measurements  are  listed  in  Table  7,  along  with  the 
diode  material,  manufacturer,  maximum- reverse -voltage  rating,  and 
specified  reverse-recovery  time.  Since  the  reverse  -  recovery  time  depends 
on  the  charge  stored  in  the  dic»dc .  diodes  having  short  reverse-recovery 
times  (last  switrhinglshould  also  have  small  charge -storage  factors  and 
therefore  give  high  detector  input  resistance.  Diode  types  having  short 
reverse-recovery  time  were  therefore  selected  lor  the  measurements. 

(The  1N64  is  a  ccrr.po •■atively  switching  diode  that  is  included  for 

comparison.)  .Since  the  reverse- recovery  times  for  the  various  diode 
type;?  arc  not  specified  under  the  same  conditinna.  direct  comparisons 
of  the  values  are  not,  in  general,  valid. 

The  input  resistance  and  input  i:a|)acilance  of  high-impedance 
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Manufacturers'  Specifications 
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d«t«ctott  uainj,  aeveral  samples  of  the  various  diodes,  maximum  load 
resistance,  and  an  input  voltage  of  2.  S  volts  peak  were  measured  at  a 
signal  frequency  of  100  Mcps  with  the  Q  meter.  The  results  are  plotted 
in  Figs.  60  and  61.  At  this  input  voltage  the  voltage  efficiency  of  the 
high* impedance  detector  circuit  approaches  unit,  for  all  the  diodes. 

Among  the  germanium  diodes  measured  in  high* impedance  de* 
tectors,  the  S670G  and  the  HD2964  gives  high  input  resistance  and  low 
input  capacitance.  The  SS70G  diode  was  selected  for  use  in  high  im* 
pedance  detectors  on  the  basis  of  availability..  The  HDSOOl  silicon 
diode  gives  the  highest  input  resistance  and  lowest  input  capacitance 
among  the  silicon  diode  measured.  It  was  not,  however,  available  in 
quantity  at  the  time.  The  FDIOO  diode  was  selected  for  the  high  im¬ 
pedance  detector  ireasurements  since  it  was  also  used  in  the  pulse  de¬ 
tectors.  Its  performance  is  comparable  to  that  of  the  IN9lc>  diode.  Both 
diodes  are  inferior  to  the  SS70G  for  use  in  high  impedance  detectors.- 

The  voltage  efficiency,  input  resistance  and  input  capacitance 
of  pulse  detectors  with  the  various  diodes,-  a  load  resistance  of  2  K  ohms 
and  a  load  capacitance  of  47  |tpt  were  measured  with  the  Q  meter  at  a 
■  ignal  frequency  of  100  Mi  ps  The  detectors  using  germanium  diodes 
were  measured  with  an  input  voltage  of  0.  3S  volt  peak.  Those  using 
silicon  diodes  were  measured  with  0.  S*>  volt  peak.  The  result^  of  the 
measurements  are  plotted  in  Figs.  e2  through  64.  The  current  ef¬ 
ficiency  that  Mould  be  obtained  with  a  drivmg-c  trci  it  resistance 
much  larger  than  ihe  detector  input  resistance  it  given  by 
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This  current  efficiency  was  calculated  for  each  diode  measured.  The 
results  are  plotted  in  Fig.  65. 

The  S570C  diode  was  selected  for  the  pulse  detector  circuits 
because  it  gives  the  lowest  input  capacitance  and  close  to  the  liighest 
current  efficiency  among  the  germanium  diodes  t'  Sted.  The  HD2963 
diode  gives  slightly  higher  current  efficiency  at  the  expense  of  a  much 
larger  input  capacitance.  The  HD5001  diode  is  outstanding  among  the 
silicon  diodes  tested  for  pulse  detectors  since  it  gives  a  current  ef> 
ficiency  approximately  three  times  that  given  by  the  next  best  diode, 
and  has  the  lowest  input  capacitance.  However  the  HD5001  diode  was 
not  readily  available  at  the  time.  Of  the  remaining  silicon  diodes, 
the  FDIOO  gives  a  higher  current  efficiency  and  a  lower  input  capacitance 
and  was  therefore  used  in  the  pulse  detectors. 


VI.  Summary  and  Conclmiona 

The  design  of  semiconductor -diode  detectors  intended  for  use 
with  low-level  transistor  circuits  in  the  10-100  Mcp'>  frequency  range 
has  been  investigated.  A  study  of  the  literature  on  ticter.tor -circuit 
design  and  semiconductor -diode  theory  has  been  mad  A  survey  of 
the  applicable  literature  appears  in  Section  II.  As  a  result  of  the 
complex  nature  of  the  semiconductor  diode,  detector -circuit  analyses 
using  simple  diode  cquivalc’-t  circuits  do  not  yield  accurate  results. 

On  the  other  iiand .  the  results  of  theoretical  studies  of  diode  operation 
are  too  complex  to  be  used  for  practical  circuit  design. 

The  detector -design  theory  that  is  presented  in  Section  111 
makes  use  of  s<;miconductor -diode  theory,  with  simplifying  approxi¬ 
mations.  The  theory  permits  calculation  of  detector -circuit  per¬ 
formance  in  the  basis  of  measurements  of  diode  parameters.  The 
measured  performance  of  higli-impedance  and  pulse  iletertors  using 
both  germanium  and  silicon  diodes  is  compared  in  Section  IV  with 
the  j>*'r for ma calculated  using  the  design  theory.  The  agrceiTicnt 
between  measured  and  ca.U  ulated  performance  is  good  over  moderate 
ranges  of  signal  level. 

The  voltage  eflicieniy  of  high -impedant e  detectors  is  accurately 
predictable  for  input  vo!tag«'s  greater  thin  one  or  two  tenths  of  a  volt 
peak.  The  usefulnenn  o(  the  design  tlu’ory  for  predicting  the  input 
resistance  of  a  high -impedanc e  detector  is  limited  by  the  difficulty 
of  ai  ciiratel  y  measuring  the  f  ha  rge -storage  factor  in  some  diodes, 
and  by  an  apparent  increase  in  the  charge -storage  f.nlor  with  signal 
level.  .Since  high  -  i  mpiula  nee  detei  tors  are  normally  designed  for 
negligible  loading,  tliin  limitation  is  not  serious 


ISO 


The  range  of  signal  level  over  which  the  caiculationt  yield 
good  agreement  with  meataured  pulse  detector  performance  is  governed 
by  the  range  over  which  the  assumed  diode  static  characteristic  closely 
approximates  to  the  actual  characteristir  Tn  the  examples  of  Section 
IV,  the  agreement  is  good  over  a  range  of  input  v  'Itages  of  approxi¬ 
mately  a  decade  for  the  germanium  diode  and  approximately  a  half 
decade  for  the  silicon  diode.  It  should  be  possible  to  obtain  goo<] 
agreement  over  other  ranges  of  input  level  by  using  different  assumed 
characteristics . 

The  input  capacitance  of  a  pulse  detector  is  not  predicted 
accurately  by  the  detector -design  theory  as  a  result  of  bulk  inductance 
in  the  diode.  The  input  capacitance  of  detectors  using  diodes  such  as 
those  measured  is  of  the  order  of  1.0  ppf  and  varies  only  shghtly  with 
signal  level  and  temperatvire .  These  variations  are  explained  by  the 
design  theory.  The  change  in  detector  input  capacitance  resulting 
from  a  cliange  of  detector  load  capacitance  can  be  calculated  on  the 
basis  of  the  theory. 

At  very  high  signal  frequencies  the  bulk  impedance  of  the  semi- 
ccrvl'.irtcr  hemmed  .nnnreriahle  compared  with  the  barrier  im¬ 

pedance,  and  some  of  the  approximations  used  in  the  design  theory 
are  not  valid.  The  voltage  efficiency  is  no  longer  constant  with  fre¬ 
quency  and  the  input  resistance  is  higher  than  the  theory  predicts. 
These  effects  have  been  observed  in  ouJse  detectors  using  compara¬ 
tively  slow-switching  diodes  {e  g  ,  1N64)  in  the  10-100  Meps  fre¬ 
quency  range.  The  theory  appears  to  be  valid  to  frequencies  at  least 
as  high  as  100  Meps  lor  the  other  diodes  that  were  measured  (see 


Set  lion  V-<1).  all  of  which  (with  the  exception  of  the  S347G  and 
CTP685)  have  specified  reverae -recovery  times  below  ten  milli¬ 
microseconds. 

The  effect  of  low-Q  driving;  circuits  on  detector  performance 
can  be  estimated  using  the  results  of  Section  III-S  at  i  the  parameter 
values  shown  in  Figs.  46  and  47.  Although  the  resulting  change  in 
current  efficiency  is  small  in  most  practical  cases,  substantial 
errors  in  voltage  measurements  may  occur  if  the  flattening  of  the 
input  voltage  waveform  is  not  taken  into  account. 

Theory  is  presented  in  Section  IIl-o  that  describes  the  changes 
v  l  detector -circuit  performance  with  moderate  variations  of  tempera¬ 
ture.  The  agreement  with  experiment  is  good  over  a  range  of  temper  - 

_ ature  considerably  larger  than  normal  room-temperature  variations. 

The  variations  in  performance  are  approximately  the  same  for 

i  detectors  using  germanium  and  silicon  diodes. 

'!  ^ 

i  The  application  of  the  theory  to  the  practical  design  of  high- 

I  i 

i  impedance  and  pulse  detectors  is  given  in  Sections  V-2  and  V-3 

respectively.  Sample  desien.s  have  been  Cc  rried  out  for  both  types 
.  '  of  detectors.  Measurements  of  the  performance  of  the  sample 

detectors  are  reported.  Additional  measurements  that  compare  the 
performame  of  a  variety  of  diode  types  in  Ixith  high -impedance  and 
pulse  detector  circuits  are  presented  in  Section  V-4 
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APPENDIX  A 

Solution  of  the  Simplified  Diflunion  Equation  for  L*rpe  AC  Signal ■ 

The  simplified  dilfution  equation,  boundary  conditions  and  cur 

8  9 

rent  equation  given  by  Shockley  ’  for  a  planar  diode  having  wids  dif¬ 
fusion  regions  are  as  follows: 
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The  symbols  used  here  are  defined  in  Seition  11-3.  Figure  7a  shows  the 
diode  configuration  that  is  assumed 

Taking  (p  *  the  independent  variable,;  the  diffusion  equation 

18  solved  by  separation  of  xariables; 
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The  coefficients  *re  found  by  Fourier  analysis; 
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The  components  of  the  diode  hole  current  are  isiven  by 
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are  uaed,  tkeac  results  agree  with  those  of  Shockley.  ’ 

Corresponding  expressions  can  be  derived  fur  electron  current 
The  components  of  the  total  diode  current  are 
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(wide  planar  diode),; 
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and  L  used  here  are  thoae  defined  in  S<  ction 
n 

u 

II>3  that  apply  to  the  wide  planar  diode.  It  can  be  shown  that  the  same 

solutions  for  the  toUl  Uiude  current  are  obtained  for  a  narrow  planar 

'^lode  and  a  hcmispherii  diode  if  the  ( orrespondinK  exprescions  lor 

1-  L  and  L  from  Seitions  11  i  are  used.  The  Moliriuns  lor 
S  p  ,  11 
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these  rases  follow  that  presented  above 
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APPENDIX  B 


Calculation  ot'  the  Derivative*  ol  Detector  Pararnet*  r»  with  Reapert  to 
Reverse -Saturation  Current 


The  detector  voltage  efficiency  e^  is  calculated  from  the  ex* 


pression  given  in  Section  111*2: 
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where  the  reverse  resistance  is  included  in  the  load  resistance  R^ 
The  detector  input  voltage  V  is  held  constant  and  the  derivative  of 
with  respect  to  1^^  is  calculated: 
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The  normalized  derivative  of  voltage  efficiency  wi*i  respect  to  Ij^ 
IS  then  given  by 
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The  detecto”  input  resis*an«e  R  ^  and  input  <  apa>  I'ant  e  C 

are  raUulated  using  the  diode  AC  «  urreut  1^  .  The  portion  ol  *he  diode 

AC  current  due  to  diffusion  ilow  I,  is  given  by  see  S<-i  Mon  Ill-i). 
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The  portion  of  the  detector  input  capacitance  due  to  diffusion  current 
la  given  by 
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